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Typical s 


ection of an O-B factory control chart, on which the average M & E strengths of the in- 


sulators tested each day are plotted. Falling of actual values within the control limits (deter- 
mined by the number of insulators checked) indicates the desired uniformity 1s being attained. 


But the Curves for Average Values and Deviations 
of O-B Suspensions Are Near the “Straight Line” Ideal 


Uniformity of M & E strength is supremely 
important for suspension insulators, mainly 
because the failure of a single unit could 
drop a line and interrupt service. Uniform 
insulators allow lines to be designed with a 
lower factor of safety than would be needed 


with erratic units. And insulators of uniform _ 


strength are superior in other vital properti® 

To attain the highest possiblecdegree € 
uniformity, O-B carefully inspects all raw ama- 
terials and exercises extremely rigid control 
in every single manufacturing process. Going 
even further, O-Batseés Scientific, large-quan- 
lity sampling to*Secure reliable probability 
curves which permit accurate, continuous 
checking of factory control. How this system 
is applied may be seen in the accompanying 
typical charts, one for average values and the 
other for deviations of individual specimens 


<diiately 


from their average. Control limits are de- 
termined by the number of insulators in the 
samples, and the actualvalues are the results 
of daily tests. 
tion value fall outsidé these control limits, 
the catise of the observed condition is imme- 
ound and corrective measures taken. 


Sheuld any average or devia- 


. To benefit from this effective factory con- 
trol system—assuring units with averages 
safely above rated values and having devia- 
tions small enough to guarantee dependable, 
satisfactory minimum strengths—be sure to 
specify O-B for your suspension insulators! 


MANSFIELD, OHIO, U.S. A. 


Canadian Ohio Brass Co., Ltd., Niagara Falls, Ont. 
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Actual deviations of individual 
chart, providing 


specimens from their average are plotted on this O-B control 
another effective means for checking the untformity of suspension insulators. 
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High Lights e ® 


Generator-Insulation Field Tests. The need 
for a practical and reliable nondestructive 
test that will indicate the condition of gen- 
erator insulation has been the subject of 
study by a special subject committee of the 
Edison Electric Institute’s electrical equip- 
ment committee since 1935; investigation 
has been directed toward characteristics of 
insulation for such tests as insulation resist- 
ance, power factor, high-voltage alternating 
current, high-voltage direct current, and 
ionization as caused by high-voltage appli- 
cation (Transactions pages 1003-11). 


Metering Development. The series of four 
articles on the development of the metering 
art, sponsored by the Institute’s committee 
on instruments and measurements, con- 
cludes with a report on developments in 
calibration, installation, and maintenance 
of meters (pages 581-6). An appendix 
lists sources of information covering the 
entire series (pages 587-9). The whole 
report is being issued in pamphlet form 
(page 597). 


Automatically Reclosing Breaker. De- 
signed especially for co-ordination on ex- 
tended distribution systems to eliminate 
service trips on temporary faults and re- 
strict outages to the immediate neighbor- 
hood of a permanent fault, a small auto- 
matically reclosing oil circuit breaker has 
been developed with a pronounced inverse 
time on tripping; completely self-protecting, 
it requires minimum maintenance ( Transac- 
tions pages 1021-4). 


Relaying Progress. A decade’s progress in 
relaying has been reviewed in a report 
prepared under the auspices of the AIEE 
committee on protective devices (pages 
590-2). This is the second of three reports 
on developments in the protection of elec- 
tric power-system circuits and equipment; 
the first, on circuit interrupters, appeared in 
November, and the third is scheduled for an 
early issue. 


ECPD Annual Meeting. Rising conscious- 
ness of the need for active participation in 
the affairs of the Engineers’ Council for 
Professional Development by its constitu- 
ent organizations was indicated at Council’s 
recent ninth annual meeting (pages 606-08, 
610). The list of curricula accredited by 
ECPD to date also appears in this issue 
(pages 608-09). 


Engineers Defense Board. A central 
agency prepared to assist the various 
branches of government with engineering 
experience has been set up by the forma- 
tion of the Engineers Defense Board in 
which six national engineering societies are 
co-operating (page 610). Other news re- 


lating to national defense also appears in the 
section ‘‘Of Current Interest’. 


Wave Analysis. Complex periodic func- 
tions, transformed into corresponding volt- 
age waves, may be analyzed with the aid of 
a cathode-ray oscillograph. The complex 
wave is represented upon the fluorescent 
screen of the cathode-ray tube by a vertical 
displacement, at the same time that a sinu- 
soidal horizontal oscillation exists ( Transac- 
tions pages 1032-6). 


Million-Volt X-Ray Unit. Only a few years 
ago an 800-volt X-ray equipment required 
a special multistory housing, utilized a 
tube about a foot in diameter and 14 feet 
long; today’s 1,000-kv unit occupies a 30- 
by 3'/,-inch envelope, is housed as a self- 
contained unit in a tank 3 feet in diameter 
and less than 5 feet high (pages 571-3). 


Dual Rating. Proposals for the dual rating 
of electrical apparatus, one governed by 
strength and the other by endurance limits, 
are outlined in a report recently issued by 
the AIEE standards committee. The com- 
mittee hopes that the report will stimulate 
discussion that will lead ultimately to an 
improved system of rating (pages 569-71). 


Dielectric Strength of Gas. Tests of im- 
pulse and 60-cycle breakdown strength have 
been made of nitrogen and Freon at gauge 
pressures up to 200 and 70 pounds per 
square inch, respectively, and dielectric 
strength values compared with the break- 
down of transformer oil under similar con- 
ditions (Transactions pages 1017-20). 


Calculating Motor Performance. A method 
of predetermining the performance of single- 
phase induction motors based on the de- 
velopment of charts to determine apparent 
impedances has been proposed; its prac- 
tical value has been demonstrated by use in 
an industrial design department ( Transac- 
tions pages 1087-41). 


New Reclosing Relay. A reclosing relay 
has been designed and built specifically to 
meet the additional reclosing requirements 
created by complete automatization of high- 
voltage oil circuit breakers in transmission 
networks and on lines containing automatic 
sectionalizing air-break switches (Transac- 
tions pages 1041-5). 


Transient Overspeeding. The transient 
swing above synchronous speed observed 
when a standard squirrel-cage induction 
motor is started without load has been ex- 
plained by reference to the frequency modu- 
lation of the power supply caused by the 
rapid variation of the power taken from the 
line (Transactions pages 1030-2). 


Inductance of Rectangular Conductors. For- 
mulas have been derived by means of which 
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can be calculated the inductance of single- 
phase circuits and certain polyphase cir- 
cuits composed of solid or tubular rectangu- 
lar conductors; a numerical example illus- 
trates application of the single-phase for- 
mulas (Transactions pages 1046-9). 


Improving Electric Service. Practices used 
by one power company to improve con- 
tinuity and quality of service included high- 
speed circuit reclosure and methods of 
limiting voltage disturbances, or their effects 
on motor speeds, to values tolerable in the 
manufacturing processes of a particular in- 
dustry (Transactions pages 1012-16). 


Short Circuits in Armature Coils. An ap- 
proximate solution for the current in a short- 
circuited coil or group of coils in the arma- 
ture of a synchronous machine operating 
under load is expressed as the sum of a 
series of harmonics the terms of which are in 
geometric ratio ( Transactions pages 1024-9). 


Mazda Lamps. The production of in- 
candescent Mazda lamps, from the process- 
ing of tungsten ore to the final assembly of 
parts, is surveyed and illustrated as it is 
carried on by a large manufacturing com- 
pany (pages 574-80). 


Coming Soon: Among special articles and 
technical papers currently in preparation for 
early publication are: an article on power- 
system development on a national scale by 
T. R. Tate (M’35), Federal Power Commis- 
sion; an article on Heaviside’s operational 
calculus by J. B. Russell (A’34); an article 
on protective lighting for American industry 
by Davis H. Tuck; an article on the cyclo- 
tron by W. M. Brobeck; a paper on the 
acceleration oscillogram method of motor 
torque measurement by C. R. Atkinson 
(A’31) and E. G. Downie (A’35); a paper 
describing field tests on high-capacity sta- 
tion circuit breakers by H. D. Braley (A’18); 
a paper on the frequency-modulated carrier 
telegraph system by F. B. Bramhall (M’39) 
and J. E. Boughtwood; a paper describing 
the performance of ground-relayed distri- 
bution circuits during faults to ground by 
C. L. Gilkeson (M’34), P. A. Jeanne (M’30), 
and J. C. Davenport; a paper describing a 
d-c telemeter or d-c Selsyn for aircraft by 
R. G. Jewell (A’30) and H. T. Faus (M’34); 
a paper on the relative values of different 
types of overcurrent protection for dis- 
tribution circuits by G. F. Lincks (A’37); 
a paper on field tests and performance of a 
high-speed 138-kv air-blast circuit breaker 
by Philip Sporn (F’30) and H. E. Strang 
(M’39); a paper on temperature and elec- 
tric stress in impregnated paper insulation 
by J. B. Whitehead (F’12) and W. H. Mac- 
Williams (Enrolled Student); a progress 
report of d-c testing of generators in the 
field by E. R. Davis (A’41) and M. F. 
Leftwich (A’30); a paper on a method of 
calculating performance of current trans- 
formers based on admittance vector locus 
by A. C. Schwager (M’31). 
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The Dual Rating of Electrical Apparatus 


P. L. ALGER 


FELLOW AIEE 


from a rubber band to 

a locomotive, has two 
independent physical limits, 
one of strength and one of 
endurance. The rubber band 
may support a large weight 
without rupture, but heat 


F i= material or device, 


aging or oxygen exposure 
ultimately will reduce its 
strength to zero. So also, an 


induction motor operating at constant voltage has a 
definite torque limit at which breakdown occurs, but a 
much lower continuous torque-carrying ability, deter- 
mined by heating and insulation aging effects. 

To select a locomotive for a desired train-speed charac- 
teristic on a mountain railroad, or an electric motor for an 
elevator, or even a type of steel for the buckets of a steam 
turbine, both the strength and the endurance limits must 
be recognized and allowed for. When a system is built up 
of many different apparatus types, therefore, both 
strength and endurance limits must be properly matched. 
We cannot attain the perfection of the deacon who de- 
designed the ‘‘wonderful one-horse shay,’’ but we can very 
profitably follow the principles he laid down: 


“Bur,” said the Deacon, “It’s mighty plain 
That the weakes’ place mus’ stan’ the strain; 
’N’ the way to fix it, uz I maintain, 

Is only jest 

To make that place uz strong uz the rest.” 


For convenience in matching assorted materials or ap- 
paratus types, it is very desirable that the name-plate 
ratings indicate these two limits of strength and endur- 
ance separately. That is, a dual output rating is required 
for any material or apparatus to be used in short-time, in- 
termittent, or varying duty. Examples of such dual 
ratings in common use are the proportional and fatigue 
strength limits of metals, the one hour and continuous rat- 
ings of railway motors, and the impulse and 60-cycle di- 
electric strength of insulation. 

This problem of suitably describing apparatus for vary- 
ing-duty service has been under study by an AIEE com- 
mittee for the past two years. It is of particular impor- 
tance to the electrical industry because electric motors and 
controls are now so widely used in association with every 
variety of mechanical equipment to perform the varied 
tasks of industry. Electrical engineers have found lay- 
men generally to be singularly impervious to ideas about 
temperature rise and commutation limits of electric mo- 
Essential substance of an address presented at the AIEE South West District 


meeting, St. Louis, Mo., October 8-10, 1941. 


P. L. ALcER is staff assistant to the vice-president in charge of engineering, 
General Electric Company, Schenectady, N. Y.; and chairman of co-ordinating 
committee 4 of the AIEE standards committee. 
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AIEE Standards Pamphlet No. 1A entitled 
“General Principles for Rating of Electrical Ap- 
paratus for Short Time, Intermittent, or Varying 
Duty,” recently was issued in report form for 
study and comment. In this article, the chairman 
of the committee that prepared the report dis- 
cusses its significance, for the purpose of stimu- 
lating discussion of this important topic. Contri- 
butions to the Letters columns are invited. 
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tors; therefore, it is natural 
that they have sought a more 
generally acceptable way of 
defining the output limita- 
tions. 

The first results of this 
study have recently appeared 
in the form of a report, AIEE 
No. 1A, entitled ‘General 
Principles for Rating of Elec- 
trical Apparatus for Short- 
Time, Intermittent, or Varying Duty.” This report de- 
scribes four distinct methods of rating such apparatus that 
are or have been frequently used, and proposes a new, or 
modified, ‘‘service factor rating’? method for general 
adoption. This method is equally suitable for rating me- 
chanical apparatus and materials, so that its use should 
facilitate the co-ordination of all the different elements in 
electromechanical systems of every sort. 

The diagrams will assist in understanding the problem 
and its proposed solution. In Figure 1 is shown the out- 
put-time characteristic of an electric motor or other de- 
vice. The maximum momentary load (P,,) that can be 
carried (say for one minute) is governed by the strength 
limit, fixed by breakdown torque, commutation, voltage 
regulation, or the proportional limit of the mechanical 
structure; and the endurance limit (P) is fixed by the 
temperature, chemical stability, and deterioration rates of 
the materials employed. 

For any given type of apparatus, P,, and P may be in- 
dependently varied over wide limits. For example, in- 
creasing the reactance of an electric motor or cable will re- 
duce only its momentary load-carrying ability (for a given 
voltage), while heat insulating it will reduce only its con- 
tinuous load-carrying ability (for a given insulation life). 
The curve equally well applies to a gas engine, a gear, or 
a steam turbine. 

Obviously, the sustained load on the apparatus must be 
considerably less than P,,, and there must be a reasonable 
safety margin in addition to provide for unknown condi- 
tions of service. It is desirable, therefore, to choose a 
name-plate rating, P,,, representative of the load that is 
actually to be carried for repeated or sustained time inter- 
vals. Just how P, is determined will depend on the type 
of apparatus and the service. It may represent a one- 
hour rating; or the average of a varying load over any 
agreed short time interval; or simply an arbitrary frac- 
tion of the required P,, value. 

However, it is desirable to preserve an approximately 
fixed ratio of P, to P,, for any given type of apparatus 
or system. For example, in the case of an induction mo- 
tor, the stalled current being closely proportional to the 
breakdown torque P,,, a fixed ratio of P, to P,, will make 


569 


the P, value alone a reliable indicator of all power-supply, 
fusing, and wiring requirements. A usual ratio of P, to 
P,, for induction motors is 0.45 to 0.55, which assures 
ample torque margin for occasional operating peaks in ex- 
cess of normal, and which corresponds to a stalled current 
of about five to six times the full-load value. As another 
example, in the case of arc-welding 
generators or transformers, the name- 
plate rating, P,, may represent the 
actually expected welding current at 
maximum setting. This current is 
required only intermittently, over pe- 
riods of a few minutes, as frequent idle 


OUTPUT 


TIME 


Figure 1. Output-time curve of an electrical device 


P., =NMaximum momentary output, fixed by other than thermal limitations 
P =Continuous output, or rating for continuous operation under known 
service conditions 
P,,=Name-plate rating, or sustained load that may be carried in inter- 
mittent, short-time, or other specified duty. In the case of general pur- 
pose apperatus, P, may be slightly less than P, to provide a margin 
where service conditions are unknown 
T =Time associated with short-time rating 

S =P/P,=Service factor 


periods are necessary for adjusting the work and replac- 
ing electrodes. The rms equivalent current over an ex- 
tended period is rarely in excess of 80 per cent of the ac- 
tual welding current, and so it is customary to use appa- 
ratus with a permissible continuous current materially less 
than the P,, value. 

On this basis, therefore, the name-plate rating of any 
apparatus for short-time, intermittent, or varying duty 
ought to define the values of both P, and P. The re- 
maining question is whether to give both P,, and P di- 
rectly, or the ratio P, to P (greater than unity), or the 
ratio P to P, (less than unity). 

If both P, and P are given directly, as in the case of the 
one-hour and continuous horsepower ratings of a locomo- 
tive, for example, it becomes necessary always to say which 
kind of horsepower is intended. It is as confusing as if 
coal weights were measured in both long and short tons, 
with the ratio of a long to a short ton varying under dif- 
ferent conditions. 

Comparison of an electric with a Diesel-electric locomo- 
tive, both having the same continuous rating of 4,600 
horsepower affords an excellent illustration of this diffi- 
culty. The Diesel-electric, having no external source 
from which to draw power, can deliver 4,600 horsepower 
continuously, but cannot exceed this output even mo- 
mentarily. The electric locomotive, being able to draw 
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far more than continuous rated current from the trolley 
wire, can deliver far more than its continuous rated horse- 
power for short periods, within the thermal limits of the 
apparatus, as shown by Figure 2. In the case illustrated, 
the electric locomotive has a peak capacity of 8,800 horse- 
power and can deliver 7,000 horsepower for a considerable 
period, so enabling speed to be maintained on upgrades. 
It is not fair, therefore, to call them both 4,600-horsepower 
locomotives, nor is one a 4,600- and the other an 8,800- 
horsepower unit. They must be compared on a dual-rat- 
ing basis. 

If the continuous rating, P, is taken as the basic value, 
and the greater-than-unity ratio, P,,/P, is used to indicate 
the permissible operating load, another sort of confusion 
arises. Consider the case of a normal open-ventilated 
motor, with a continuous rating of 100 horsepower, for ex- 
ample. If the ventilation is shut off completely, the 
motor may become dangerously hot even at no load, and 
its continuous rating will be reduced to a small fraction of 
100 horsepower. Yet, physically, and so far as stalled 
current, momentary power demand, breakdown torque, 
and short-time load-carrying ability are concerned, the 
motor is still a 100 horsepower unit. Conversely, by pro- 
viding forced ventilation, the permissible continuous rat- 
ing may be appreciably increased, but the torque limita- 
tions and power-demand characteristics will be unchanged. 
Hence, the continuous rating is greatly affected by ventila- 
tion, but is not a good index of physical size, cost, torque 
ability, or power-supply requirements. 

The situation is as if a hoist were designed to lift a ten- 
ton weight once every ten minutes. Shall this be called 
a one-ton hoist, because it does the same average amount 
of work as another hoist lifting a one-ton weight through 
the same distance once each minute? Certainly the ten- 
ton lifting capacity requires greater size, stronger founda- 
tions, and has a greater cost, than the one-ton lifting ca- 
pacity. It is, therefore, unreasonable to give them the 
same name-plate rating. 


cll DS | 
' Figure 2. Horsepower-time curve of 
an a-c electric locomotive (8,800 
horsepower, 0.52 service factor) 
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There remains the plan of taking the permissible operat- 
ing load, P,,, as the basic, or name-plate rating, and desig- 
nating the permissible continuous load by a factor less 
than unity. As already indicated, with a reasonably uni- 
form ratio of peak output capacity, P,,, to the operating 
load, P,,, the latter figure gives a fair measure of the physi- 
cal size, power demand, and basic cost of the apparatus. 
To give the two hoists of the preceding paragraph ratings 
of ten tons, 10 per cent time on, and one ton, 100 per 
cent time on, respectively, is altogether natural and un- 
derstandable to the layman. This, therefore, is the rec- 
ommendation made in the AIEE Standards Report No. 1A. 

For convenience, and exact expression, the name “‘serv- 
ice factor” has been given to this ratio, P/P,,, of the per- 
missible continuous load to the normal operating load. 
‘The term “service factor’? bears a close analogy to the 
familiar term “load factor,” which expresses the ratio of 
the average to the peak power demand of any system. 
In each case, a low service factor, or a low load factor, im- 
plies a large physical plant and high stand-by charges, 
compared with a system having a high service factor or 
load factor and the same annual power consumption. 
Also, a low service factor, or a low load factor, implies a 
high ratio of peak-load-carrying ability to continuous 
capacity. 

The recommendations of this AIEE committee report 
may be summarized in a few brief statements; for all 
short-time, intermittent, or varying-duty apparatus (re- 
ferring to Figure 1): 

1. The name-plate rating, P,, should indicate the permissible fre- 
quently repeated or sustained load. 


2. The momentary peak-load capacity, P,,, should bear an ap- 
. proximately constant relation to P,, for any given type of apparatus, 
in associated system elements. 


3. The permissible continuous load that may be carried for an indefi- 
nitely long period without injury, P, should be indicated by a serv- 


ice factor, S, less than unity, applied to the name-plate rating; P = 
Sve, 


To put these suggestions to practical use, and adopt or 
modify them for industry standards of rating, is a task for | 
the future that will take considerable time. The report 
will amply serve its purposes, however, if it excites dis- 
cussion and ultimate concerted action to improve our 
American methods of apparatus rating. 

In closing this discussion, it should be pointed out that a 
major reason for bringing this matter to the fore at the 
present time is the more exact knowledge now available of 
life temperature effects, or aging, of materials. Chemical 
knowledge, and many tests, indicate that organic insulat- 
ing materials deteriorate more rapidly at elevated tem- 
peratures, in such a way that the life is halved for each 
8- to 12-degree-centigrade increase in temperature. On 
the basis of this law, and knowing the load—temperature 
characteristics of the apparatus, it is possible to sketch 
in the entire load—lfe curve of Figure 1, if the end points, 
P,, and P, are given. Hence, it is now possible to fit ap- 
paratus for intermittent-duty service much more exactly 
to the requirements than heretofore. 

With the increased variety of industry requirements, it 
is becoming necessary to secure closer thermal co-ordina- 
tion of all the elements of an electrical system than ever 
before. The time-current curves for operating, stalled, 
and short-circuit conditions must be studied for motors, 
relays, wiring, and power-supply devices, and made con- 
sistent with each other. Better knowledge, coupled with 
more exacting demands, therefore, give a double indica- 
tion of the need for more precise methods of apparatus 
rating, as outlined in the AIEE Standards Report No. 1A. 


Million-Volt Industrial X-Ray Unit 


HREE DEVELOPMENTS of co-ordinated research 

stand out as major factors in the General Electric 
Company’s noteworthy achievement of a 1,000-kv portable 
industrial X-ray equipment: (a) dichlordifluormethane 
(‘Freon’) instead of air or oil as an electrical insulating 
medium; (#) a compact air-core resonance transformer; 
(c) a multisection X-ray tube small enough to be accom- 
modated within the core space of the transformer. The 
result of the development and combination of these and 
other elements is the 1,500-pound self-contained million- 
volt equipment shown on the front cover and these pages. 

An extended investigation of the electrical insulating 
properties of many gases and chemical vapors disclosed 
that some of them not only were far superior to air at 
equivalent pressures, but also provided better insulation 
than oil and were much lighter in weight. One of these 
special gases which is readily available and which has good 
physical and chemical properties is dichlordifluormethane 
(Freon). It has 2.5 times the insulating strength of air at 
equivalent pressures. 
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Freon 12, which has one carbon, two chlorine, and two 
fluorine atoms per molecule has, at 50 pounds per square 
inch pressure, a dielectric strength three times as great as 
the purest transformer oil. In a very high-voltage unit, 
100 pounds of this gas will give insulation equivalent to 
that provided by 12,000 pounds of oil. Gaseous admix- 
tures cannot contaminate Freon the way water or other 
foreign matter contaminates oil. The breakdown values 
of Freon are consistent, whereas oil is erratic. 

The heat-transfer problem inherent in gas insulation was 
solved in this X-ray equipment by means of a small built-in 
cooler which utilizes a 1/15-horsepower fan to circulate 
the Freon gas over finned water-cooled copper tubing and 
through the transformer. At low ambient temperatures, 
such as may occur in industrial plants in winter, the Freon 
must be kept at summer temperature by electric heaters to 
keep it from condensing on the tank walls. 

In the ordinary high-voltage transformer the charging 
current serves no directly useful purpose, but is a neces- 
sary evil, since it serves te reverse the potential of the high- 
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A very few years ago an 800-kv X-ray equipment required a 
special multistory housing (3) and utilized a multisection 
X-ray tube about a foot in diameter and 14 feet long, as 
compared with the 30- by 3'/,-inch envelope (1) required 
for this 1,000-kv tube. Today's million-volt industrial equip- 
ment (4) weighs about 1,500 pounds; is housed as a self- 
contained unit in a tank 3 feet in diameter and less than 5 feet 
wide; can be swung into any operating position at the touch 
of a hand. To facilitate a comparison, illustration 3 and its 
small insert are shown to approximately the same scale in 
terms of the man shown in (3). In the view of the partially dis- 
assembled 1,000-kv unit (2), the resonance transformer may 
be noted, with its shielding cap and with the tube at its center 


Especially under the pressure of 
defense production, radiography 
increasingly has become an es- 
sential step in the manufacture of 
vital equipment that must be de- 
pendable under severe operat- 
ing requirements. Time is an es- 
sential element in this operation, 
and the greater the power be- 
hind the X rays, the less the time 
required. Five-inch steel plates 
and castings that can be radio- 
graphed in four minutes with the 
1,000-kv equipment require four 
hours with 200-kv equipment 
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“voltage terminal of the equipment, which has a consider- 


able capacity to ground. In the resonance transformer 


_ this charging current is made to flow through a large in- 


ductance coil without iron core and thereby put to good 
use in producing exactly the high. voltage wanted. In 
other words, the inductance of the coil and the capacity of 
the high-voltage terminal have been chosen to resonate at 
the frequency (180 cycles per second) of the power sup- 
plied to the transformer. 

Some 238 miles of insulated wire are accounted for in the 
transformer. The high-voltage coil is 30 inches high, with 
18-inch outside diameter and 8-inch inside or core diame- 
ter, and consists of thin coil elements stacked on top of 
each other with the primary “pancake” at the bottom. 
The high-voltage terminal on top of the transformer is a 


rounded brass spinning, 6'/2 inches high and 18 inches in 


diameter. A uniform voltage gradient over the 30-inch 
height of the coil stack makes possible the use of glass rods 
as mechanical tie-rods to hold the stack together, thereby 
allowing operation in any position. 

The 12-section sealed-off X-ray tube especially designed 
to go with this resonance transformer has cylindrical ac- 
celerating electrodes in each of the intermediate sections 
between the cathode and the copper-backed tungsten tar- 
get. These intermediate electrodes are joined to the glass 
envelope of the X-ray tube with Fernico ring seals. Fern- 
ico is a special alloy which has an expansion coefficient 
comparable with one of the borosilicate glasses, thus per- 
mitting heavy metal sections to be fused directly to the 
glass. This feature allows the tube to be made much 
smaller than otherwise might be possible (the insulating 
tube envelope is only 30 inches long, 3/2 inches in diame- 
ter) and also permits the tube to be rigorously exhausted 
before it is sealed off the pump. The inside glass walls of 
the tube envelope are sandblasted to reduce the hazards of 
field emission. The tube is supported entirely by a metal 
flange joined to the grounded extension chamber. This 
extension chamber houses the target-end of the X-ray tube 
and thus permits the target to be placed inside of boiler 
drums and in other such relatively inaccessible positions. 

The tube is mounted in the space at the center of the 
high-voltage transformer, where it adds nothing to the size 
of the housing tank required for the equipment. Thus 
mounted, the tube is located in a uniform electric field and 
a weak magnetic field, the axes of which parallel the tube 
axis. Early experiments established that the tube could 
be shifted sideways in the transformer without effect on 
the operation or on the size of the focal spot. Small toroi- 
dal shields of a conducting Textolite are used around all 
Fernico seals to reduce the field strength at the Fernico 
edges, to aid the focusing action of the intermediate elec- 
trodes and to provide a contact point for the tap strips 
which connect the intermediate electrodes to the inside of 
the transformer coil. The tap connections fix the poten- 
tial of the electrodes and allow d-c charges to flow from 
the tube electrodes. 

A focus coil is provided outside the tank, around the 
cooling-water jacket of the extension chamber, to focus the 
electron beam onto the tungsten target. The focal-spot 
diameters may be chosen to correspond to the tube cur- 
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Million-volt portable X-ray unit 


1. Cooler 13. Insulating shaft for filament- 
2. Slotted brass shield control 
3. Steel tank 14. Primary winding 
4, Spring for tie-rod 15. Tap lead 
5. Variable reactor 16. Focusing coil 
6. Cathode assembly 17. Glass envelope 
7. End-turn filament coil 18. Lead shield, adjustable 
8. First intermediate electrode 19. Laminated steel bottom 
9. Secondary coils 20. Tungsten target 

10. Shields around the X-ray . 21. Filament-control motor 

tube 99. Water jacket 
11. Laminated shield 93. Extension chamber 
12. Glass tie-rod 94, Lead diaphragm 


rent, which can be adjusted from microamperes up to 
three milliamperes at a million volts. Power for the cath- 
ode filament is derived from end-turns on the high-voltage 
winding and is controlled by means of a variable reactor 
operated through a glass-rod control shaft by an external 
filament-control motor. 

Approximately 4 kw of power is required to operate the 
equipment at 1,000 kv and 3 milliamperes. This is sup- 
plied by a small synchronous motor-generator set which 
serves also to eliminate the effects of fluctuation in line 
voltage and to maintain accurately the frequency of 180 
cycles per second for which the equipment is designed. 
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JAMES D. HALL 


From tungsten ore to assembled lamp, the production of a Mazda lamp 


at the Westinghouse lamp factory at Bloomfield, N. J., is here surveyed 


EMARKABLE AND ROMANTIC as was the transi- 
tion over the centuries from the caveman’s torch to 
the first incandescent lamp, the advance from that 

carbon-filament vacuum lamp to the present gas-filled 
Mazda lamp is even more so. Ina relatively short time, 
the industry has grown from one small workshop, produc- 
ing a few carbon lamps made entirely by hand, to spacious 
factories, using raw materials drawn from every corner of 
the earth and employing thousands of people and amazing 
automatic machinery to produce annually millions of 
lamps of many kinds and for many and varied purposes. 
This rapid advance in the art was accomplished only by 
the tireless effort of hundreds of scientists, engineers, 
chemists, and metallurgists, each an expert in his own 


James D. Hatt: commercial engineer, Westinghouse Lamp Division, Westing- 
house Electric and Manufacturing Company, Bloomfield, N. J 
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field and each contributing his bit towards making the 
Mazda lamp what it is today. 


TUNGSTEN WIRE 


Of the many exacting processes used in the various 
stages of lamp manufacture, none necessitates greater 
knowledge, accuracy, and care than are required in the 
making of the tungsten-wire filament, the light-producing 
element. The high melting point of tungsten (3,392 de- 
grees centigrade) prevents its being melted in crucibles 
because no crucible material having a higher melting point 
is available. Its peculiar crystalline characteristics are 
such that it cannot be drawn in the manner common to 
the drawing of many other metals, such as iron, copper, 
nickel; hence there have developed the rather devious 
and interesting methods used to transform the tungsten 
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ore into a wire having a tensile strength greater than that 
of the highest grade of steel. 
The tungsten ore, in the form of a coarse brown powder, 
is first chemically analyzed (figure 1) for detection of 14 
different impurities. If an excess of any one of the im- 
purities is found, the lot is rejected. If the chemical re- 
quirements are satisfactory, the ore is ground to a talc- 
like powder in preparation for the chemical processes to 
follow. Of these highly technical processes it is sufficient 
to say that from the raw ore to the pure tungsten powder, 
the tungsten varies in form from a black powder, to a black 
solution, to a white crystalline powder, then to a yellow 
sulphur-like mass (tungstic oxide). These processes in- 
volve the use of hot and cold water, caustic soda, calcium 
chloride, hydrochloric acid, ammonia, and caustic potash. 
Each process is safeguarded by every available type of 
automatic equipment. 

Following these chemical treatments, the yellow tungstic 
oxide is filtered and then dried in steam-heated kettles 
and ovens to remove the water (figure 2). The resultant 
powder is then ground and sifted and is ready for the ad- 
dition of certain chemicals which produce the desired 
crystal structure in the finished lamp filament. The 
nature of this structure varies with different types of 
lamps, according to the service in which they will be used. 

Next the powder in metal containers or “‘boats’’ is 
placed in airtight steel pipes enclosed in gas-heated 
furnaces. At regular intervals, the ‘‘boats’” are moved 
forward through the pipe to meet an increasingly greater 
temperature as they reach the end of the furnace. During 
the heating, all water and oxygen are driven off and re- 
moved from the pipes by means of a continuous flow of 
pure hydrogen gas over the powder. 

Next, each batch of powder is thoroughly mixed to in- 
sure uniformity. After being sieved through a fine silk 
screen, the powder is placed in a mold and subjected to a 
hydraulic pressure of some 20 tons per square inch, 
producing a bar 3/8-inch square by 24 inches long 
(figure 3). This bar is very brittle, like a cake of com- 
pressed talc, and must be handled with great care until 
it is baked in a hydrogen atmosphere in a gas furnace. 
This baking, as in a brick kiln, imparts sufficient strength 
to the bar to allow its handling in the subsequent 
processes. Following this, the bars are placed in cylin- 
drical airtight metal containers known as “treating bot- 
tles.” After each bottle is closed, it is filled with pure 
hydrogen gas and a current of from 1,500 to 2,500 am- 
peres is passed through the bar for varying periods. T he 
passage of the current through the bar fuses the tungsten 
particles, shrinking the bar, increasing its strength, and 
causing it to assume a metallic appearance. 

From the time the powder is mixed until inspection of 
the metallic bar is completed, the operations are conducted 
in a room in which the temperature and the humidity are 
kept constant by automatic control. Experience has 
shown that normal fluctuations in weather conditions pro- 
duce variations in the quality of the tungsten filament. 

The next step in the manufacture of the filament wire 
consists of swaging or hammering the tungsten bar (figure 
4) after it has been heated in an electric furnace in an 
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atmosphere of hydrogen. The swaging is continued with 
the bar changed into a rod which gradually diminishes in 
diameter and increases in length. When the tungsten has 
reached the required diameter, it has attained sufficient 
tensile strength to make it workable in the next process. 
This increased strength results from elongation and over- 
lapping of the crystals, a transformation that may be 
compared roughly to that occurring when a mass of 
hempen fibers, which has little strength, is made into a 
rope by weaving and intertwining the individual strands. 

Further reduction in the diameter of the wire is ac- 
complished by means of a die-drawing process, wherein the 
wire is lubricated by graphitic carbon and then heated to 
a carefully regulated temperature and drawn through dies 
of composition metal. This drawing is continued until 
the wire is about ten mils in diameter and then as the wire 
approaches its final size, the ultimate in accuracy as to 
roundness and diameter is achieved by the use of diamond 
dies, in the same type of process (figure 5). 

The diameter of finished wire is determined by weighing 
a given length and computing the diameter from the weight 
and length. For the weighing of filament wire, delicate 
torsion balances, accurate to 2/1,000,000,000 of a pound, 
are used. The roundness of the holes in the diamond dies 
is checked to 1/100,000 inch by means of high-powered 
optometers. These instruments, like a microscope, en- 
large the hole 300 times. 

The smallest filament wire now produced is that used 
for the 3-watt 115-volt lamps. It has a diameter of ap- 
proximately 3/10 mil or about 1/5 the diameter of a human 
hair. Specifications require that this diameter be held 
in commercial production to within plus or minus one 
per cent, or about 3/1,000,000 inch. 

Approved wire is then ready to be wound into spring- 
like coils. The most commonly used method is that 
wherein the tungsten wire is wound on a mandrel or core 
wire of steel. Some filament coils are wound with 2,065 
turns per inch, which means that the turns are spaced at 
intervals of slightly less than 1/2,000 inch. Since none of 
these turns, which are examined under a microscope, 
must touch or even vary perceptibly in spacing, machin- 
ery of the utmost precision is required. 

After completion of the coiling operation, the drums on 
which the coils with the mandrels are wound are immersed 
in a solvent to remove any oil or grease. Next follows 
the annealing operation wherein heat is applied to the 
coil and its mandrel. This relieves strains and makes the 
tungsten wire stay set. The wire and its mandrel are then 
cut into proper lengths, according to the type of lamp for 
which the coil is to be used. 

The next operation consists of dissolving out the 
mandrel wire (figure 6). Here the coils are immersed 
alternately in successive steps in acid and hot and cold 
water. Minus their mandrels, the coils are baked in 
hydrogen gas. They are then optically inspected (figure 
7), the smaller sizes with a special projector by means of 
which an image of the coil enlarged 60 times is projected 
on a screen (figure 8). 

In the most commonly used types of general lighting 
service lamps, the filament consists of one continuous 
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helical coil. For other types of lamps, it is necessary to wind the 
coils in sections. These sectional coils are then formed into hundreds 
of different sizes and shapes to meet the requirements of the great va- 
riety of lamps in which they are to be used. In order to prevent frac- 
ture of the cold tungsten wire, it is formed by bending it over a small 
electrically heated bar. 


“TEAD-IN”’ WIRES 


The wires for conducting the current from the base through the 
glass bulb to the filament of the lamp are commonly known as “lead-in” 


Each such wire usually consists of three separate pieces of wire 
electrically welded into one composite piece. <A typical 
lead-in wire for a gas-filled or Mazda C lamp is made of 
nickel, copper, and “‘dumet’’ (dual metal—a copper-coated 
steel wire with the same coefficient of expansion as the glass 
in which it is to be imbedded). The nickel is that part of 
the wire exposed to the inert gasinside the bulb. Itis con- 
nected to the ‘‘dumet”’ which passes through the glass to the 
copper wire leading to the base. ‘‘Dumet’” has replaced 
the platinum wire used in the early incandescent lamps. 


Figure 1. Tungsten ore is analyzed to detect impurities; 
passes through a variety of chemical treatments to transform 
it to yellow tungstic oxide 


Figure 2. First filtered, tungstic oxide then is dried in steam 
kettles and ovens 


Figure 3. One stage in the treatment of tungsten powder is 

its formation into bars 24 inches long by 3/8 inch square 

under a hydraulic pressure of about 20 tons per square inch; 

the brittle bars are then baked and subjected to high electric 
currents 


Figure 4. Heated in an electric furnace, the tungsten bar is 
swaged into a rod which gradually diminishes in diameter as 
it increases in length and tensile strength 


FILAMENT SUPPORTS 


Inasmuch as the wires supporting a lamp filament reach 
a high temperature when the lamp is lighted, they neces- 
sarily must be made of a material having a high melting 
point. Molybdenum, having a melting point of 2,625 
degrees centigrade, is most commonly used for this pur- 
pose, but tungsten or a two-piece support of nickel and 
molybdenum also may be used. The variety of types of 
Mazda lamps has required the design of many sizes and 
types of filament supports. 


GLASS 


In the making of lamps, some 40 different kinds of glass 
are used. The characteristics of a glass depend upon the 
proportion of the ingredients used in its manufacture. 


Figure 5. Tungsten wire, reduced to a diameter of about ten mils by 
being drawn through dies of composition metal, is given its final roundness 
and diameter by diamond dies 


Figure 6. First wound on steel mandrel wires into coils, the coiled 

tungsten wires, which have been cut into the lengths required for various 

types of lamps, are immersed successively in acid and hot and cold water 
to dissolve out the mandrels 


Figure 7. Finished tungsten 
coils are inspected 
individually 


Figure 8. Smaller sizes of 

tungsten coils are inspected 

with a projector which pro- 

duces an image 60 times the 
size of the coil 


Figure 9. ‘‘Slip-over’’ coils 
are placed over the straight 
ends of filament coils for 
high-wattage lamps, to pro- 
vide greater strength at the 
point where the lead-in wires 
are clamped to the filament 


Figure 10. The filament and supporting parts of a lamp are 

first assembled; then the glass bulb is placed over this ‘‘mount”’ 

and gas flames applied to seal the two together. Unused 
portion of the bulb falls off 


Among the characteristics which concern the Mazda 
lamp manufacturer are softening point, uniformity of 
expansion, electrical resistance, color, ability either to 
absorb or permit the passage of radiations of certain wave 
lengths. For example, one type of glass is used where 
high temperatures are encountered, while another answers 
the requirements of certain types of ultraviolet lamps, 
where it is desired to absorb some of the shorter wave 
lengths and pass the visible light and 

the longer wave lengths in the ultraviolet 

range. In other specialized types of 
lamps, the desire is to absorb as much 

of the visible light as possible, but at the = 
same time allow the passage of the in- 
visible ultraviolet rays. For this pur- 
pose, a dark-colored glass, known as a 
“black” glass, is used. 

Some 3800 sizes and shapes of bulbs 
are received from the glass factory, and  gysust ruse | 
a much greater number of sizes and pee § 
types of cane glass and glass tubing are 


STEM TUBE 
or FLARE 
(Gloss ) 


The problem of base manufacture is one of the oldest in 
the electric lamp industry. In the earlier days, means 
had to be provided immediately for connecting the lamp 
to the lighting circuit. The type of base and socket screw 
shell which Edison devised has been used for nearly 60 
years without any fundamental change. National stand- 
ards have been adopted for the miniature, candelabra, 
intermediate, medium, and mogul screw-thread types. 
Bases are manufactured in accordance with these stand- 
ards, so as to assure their satisfactory use with the corre- 
sponding sockets which likewise have been standardized. 


GAS 


In addition to the millions of cubic feet of illuminating 
gas consumed annually in the various heating and glass- 
working operations, lamp manufacture also involves the 
use of other gases, some of them rare and little known. 
Among these gases are hydrogen, oxygen, nitrogen, argon, 
neon, helium, and krypton. Hydrogen and oxygen gas 
are manufactured in the lamp factory by electrical de- 
composition of water. Other gases of standard com- 
mercial grades are obtained by fractional distillation of 
liquid air. These gases are subjected to elaborate puri- 
fication and drying processes prior to being sealed in the 
lamp. 

The most commonly used Mazda C general-lighting- 
service lamps have bulbs filled with a mixture of argon 
and nitrogen gases to about 0.65 of atmospheric pressure. 
In normal operation, because of increased temperature, 
this pressure is slightly below atmospheric. Other lamps 
use one of these gases alone, while some of the more 
specialized types utilize the rarer gases. The proper 


SUPPORT RECOILED 
(Molybdenum ) FILAMENT 
( Tungsten ) 


BUTTON 
(Formed 
by Pressing 
Heated Arbor) 


Hole for Exhaust 
of Air ond Influx 
of Gases 


Fuse 
Wire 


) 
EXHAUST 
TUBE | 


(Glass ) 
also used. The proper selection, inspec- 
tion, and use of glass in the incandes- 
cent lamp industry is an art in itself. 


BASES 


The manufacture of lamp bases re- 
quires knowledge of metal forming, stamp- 
ing, drawing, and glass working. The 
principal raw materials used in base 
manufacture are sheet brass and glass. 
Although there are some 30 different styles 
and sizes, the larger percentage of general 
lighting service lamps is confined to types 
using the medium-screw and the mogul- 
screw bases. 
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BULB AND MOUNT 
READY FOR SEALING 


STEM TUBE PRESSED 
HOLDING ARBOR 
& EXHAUST TUBE 


BULB AND MOUNT 
SEALED TOGETHER 


ARBOR BUTTON 
FORMED, SUPPORTS 
IN PLACE 


Bakelite 
Composition 
for Cementing 


Exhaust Tube Base to Bulb 


Sealed Here 


Glass Insvlotion 


GAS-FILLED BULB 
READY FOR BASING 


COMPLETE MOUNT 
WITH = FILAMENT 
IN PLACE 


FINISHED 
LAMP 


Figure 11. Steps in assembling mount and completed Mazda lamp 
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eee. of a Mazda C lamp depends in a large meas- 


ure upon the purity and freedom from moisture of the 


_ gas or gases with which its bulb is filled. 


ASSEMBLY 
The first step in the assembly of the various parts that 


~ make up a finished Mazda lamp is the preparation of the 


“mount,” which consists of the filament and the support- 
ing parts. The flare, the combined arbor and exhaust 
tubing, and the lead-in wires are grouped in proper rela- 
tion to each other and gas flames applied to the assembly. 
The heat softens the two glass parts, causing them to fuse 
together with the dumet of the lead-in wires embedded 
in the glass. Then two jaws apply pressure to the softened 
glass, forming what is known as the “press.” While 
the glass is still soft, a blast of air is blown down the ex- 
haust tubing causing a hole to open through one face of 
the press. It is through this hole that air is pumped from 
the bulb and afterwards the filling gas allowed to enter. 
The end of the glass arbor then is softened by gas flames 
and slightly upset, to form the ‘‘button’’. Into the still- 
soft glass of the button the support wires are inserted. 
Following this, the ends of the lead-in wires are flattened 
and bent at the point where they are to be clamped to the 


-filament. The clamping of the filament and the coiling of 


the support wires, pigtail-like, around the filament coil 
completes the mount. 

In the next operation, the glass bulb is placed over the 
mount (figure 10) and the gas flames applied to the neck 
of the bulb at a point opposite to the flare inside the bulb. 
The softened glass of bulb and flare fuses together and 
the unused end of the bulb or “‘cullet”’ falls off, completing 
what is known as “‘sealing in.” During this operation, 
while the glass is still soft, shoulders are formed on the 
bulb to provide a seat for the base. This makes for ac- 
curate over-all length of the lamp and insures precision 
alignment of the axis of the base with the axis of the bulb, 
as well as stronger basing. 

Next follows one of the most exacting operations in lamp 
making in which rotary slide valves finished to optical 
flatness are used in the process wherein the air is removed 
from the bulbs, and, in the case of the Mazda C lamp, re- 
placed by gas. The sealed-in bulbs with the exhaust tubes 
connected to vacuum line ports are passed through gas 
flames. The resulting high temperature vaporizes any 
moisture in the bulbs. The vaporized moisture and most 
of the air is withdrawn by a vacuum pump. 

The bulbs then are flushed out with an inert gas as 
many times as necessary to assist in removing residual 
vapor. In the final stage, the bulbs are filled with the 
required amount of the desired gas and ‘‘tipped off’ by 
fusing the exhaust tube. 


“GETTERS”’ 


The amount of air left inside the lamp after it is sealed 
is very small, comparatively speaking, being less than 50 
microns, or about 0.00007 of atmospheric pressure. This, 
however, is still too much for a good lamp. Consequently, 
“getters” are used to remove the last measurable trace of 
the remaining air. A getter is a mixture of chemical 
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substances, the action of which is best understood by 
considering what takes place in a vacuum, or Mazda Wey 
lamp. The getter is placed on the filament during the 
fabrication of the lamp. When the lamp is first lighted, the 
getter is vaporized and dispersed from the filament. It 
combines chemically with some of the gases, and, broom- 
like, sweeps the rest before it, impinging them on the 
bulb surface and holding them there permanently. This 
process “‘cleans up”’ the residual undesirable gases, water 
vapor in particular, in the bulb, giving a much better 
vacuum and producing a good condition for the operation 
of the filament. In Mazda C or gas-filled lamps, the 
getter’s chief function is to clean up the water vapor. 

The getter in a Mazda B lamp has still an important 
function to perform after it comes to rest on the bulb. 
The layer of getter, so formed, is not sufficient to absorb 
appreciable light. It provides an irregular or increased 
surface area as a reception place for the black particles of 
tungsten emitted from the filament while the lamp is 
operating. So the black particles, instead of falling on a 
smooth hard surface and making a continuous layer of 
metal which would absorb light, stagger themselves and 
bury themselves irregularly in the layer of getter, thus 
creating an effect similar to venetian blinds, and allowing 
the light to pass through. This effect of getter action 
greatly retards the blackening of the bulb, and hence in- 
creases the average light output throughout the life of the 
lamp. 


BASING 


Following the “tipping off” operation, the sealed-in bulb 
is ready for application of the base. Contrary to a rather 
general belief, the base has no part in the airtight sealing 
of the bulb, but merely supports the bulb and provides a 
means of connection between bulb and socket. 

Preliminary to its cementing to the bulb, the base is 
filled with a soft cement consisting of some seven in- 
gredients. One of these is a fugitive dye that lends a 


Figure 12. Mazda Service inspectors, in addition to light- 
ing sample lamps, check electrical characteristics and light 
output, dimensions, alignment, and other details 
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greenish hue to the cement. Upon application of the proper 
temperature for the required length of time, the green color 
fades, and the cement assumes a brown color. In the 
basing operation, the base is placed on the bulb with one 
of the lead-in wires protruding through the center eyelet 
and the other wire lying between the bulb and the edge 
of the base. The cement having hardened from applica- 
tion of heat, the ends of the lead-in wires are cut off and 
the wires automatically soldered to the base. Both the 
solder and the soldering flux used must meet definite 
specifications as to chemical content. During the period 
in which lamps are on the basing machine, they are lighted 
five different times. They are again lighted and inspected 
prior to final packing. 


MAZDA SERVICE INSPECTION 


The finished lamps are then placed on a conveyor in 
unsealed cartons and are required to pass in parade, so to 
speak, before the eyes of Mazda Service inspectors super- 
vised by the Electrical Testing Laboratories of New York. 
Each package is subject to inspection and sample lamps 
are selected at random and given a thorough inspection 
(figure 12). In addition to the lighting of the lamp, this 
inspection includes a check of electrical characteristics and 
light output, over-all length, light-center length, base 
alignment, strength of the bond between base and bulb, 
and an inspection of details of the base, the bulb, and 
the mount. 


OTHER INSPECTIONS AND TESTS 


In addition to the tests and inspections of lamp parts 
and finished lamps already enumerated, each manufac- 
turing division maintains a photometric and life-test de- 
partment where representative quantities of lamps from 
current production are checked for light output and for 
life. Quick results on these life tests are obtained by burn- 
ing the lamps at overvoltage—the ratio between the life 
at this voltage and the life at normal voltage being known. 
For example, certain types of lamps designed for 1,000 
hours average life at normal voltage could be expected to 
last an average of 5 hours when operated at 50 per cent 
overvoltage. By means of such forced tests it is possible 
to keep a daily check on the quality of lamps as they are 
manufactured without the delay incidental to testing at 
normal voltage. 

Selections of lamps from the various manufacturing 
divisions are sent to the central life-test department, 
where, after “‘seasoning,’’ the lamps first are measured for 
electrical characteristics and light output by means of 
photoelectric-cell photometers accurate to less than one 
fourth of one per cent. The lamps are then placed on test 
racks, patrolled at least once each half-hour, where they 
are operated to burn-out, most at normal and a few at 
forced voltage, on a circuit where the voltage is allowed to 
vary not more than one tenth of one per cent. 

As a lamp burns, there is a certain depreciation in light 
output caused by bulb blackening, resulting from the 
normal deposit of sublimated tungsten. A check on the 
rapidity and amount of this depreciation is determined by 
photometry of the lamps at various stages during life. 
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Hall—Manufacture of Incandescent Mazda Lamps 


After completion of these tests, the lamps are carefully 
inspected by representatives of the manufacturing and 
engineering departments and a record made of the types 
of failure and their causes. This information is valuable 
in maintaining and improving the quality of the Mazda 
lamp. 

The life-test department also is provided with equip- 
ment for testing lamps under conditions simulating those 
in actual usage. Racks arranged for producing vibration 
of varying amplitudes and frequencies assist in the de- 
velopment of lamps best suited for use under vibration 
conditions such as are encountered in many industrial 
plants. The susceptibility of a lamp filament to shock is 
determined by means of the ‘‘bump”’ tester wherein the 
lamp is attached to a cord and is allowed to swing in an arc 
and make impact against a board at the lowest point of the 
arc. The greater the length of the swing necessary to 
break the filament or the bulb, the greater the strength of 
the lamp. Other lamps are tested in equipment where 
shock from battleship gun-fire is simulated. 

Shipping strength of lamps and suitability of packing 
materials are determined on the “package drop tester’’ 
by means of which handling and shipping conditions are 
duplicated. This quick test is later checked by actual 
freight or express shipment. 

Traveling inspectors check and inspect lamps in ware- 
houses, to make sure not only that they are made right, but 
also that they stay right. Inspections also are made and 
records kept of the performance of thousands of lamps used 
under actual service conditions. The success of the quality 
safeguards used in Mazda lamp manufacture is indicated 
by the fact that inspection of millions of lamps shows 
serious defects in only about one tenth of one per cent. 


Ultraviolet on a Dairy Farm 


At Broadacres Farm in Lebanon, N. J., extensive use of 
ultraviolet radiation is reported to be producing milk of 
a superior quality—a bacteria count of less than 1,000 per 
cubic centimeter whereas grade A pasteurized milk allows 
for 30,000 bacteria per cubic centimeter and grade B 
100,000. Two two-hour sunbaths per day—one beginning 
at five in the morning and the other beginning at six in 
the evening—are given to all milk cows through the me- 
dium of S-4 lamps hung on six-foot centers eight feet above 
the floor down the main aisle of the barn. 

General lighting for service maintenance in the barn is 
provided by fluorescent lamps in simple fixtures appro- 
priately placed. 

A liberal installation of germicidal lamps is reported to 
protect completely every step in the handling, processing, 
and bottling of the milk. It is said that the milk is never 
exposed except under direct radiation from germicidal 
lamps, and that the same type of equipment continually 
sterilizes the bottles, bottling machines, and cans. 


eee 
Abstracted from “I Believe in Ultraviolet,” The Magazine of Light 1 
1941, number 5, pages 26-7. aie asters whe 
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IV—Calibration and Installation of Watt-Hour Meters 


This article concludes the series on the metering art sponsored by the AIEE 
committee on instruments and measurements; the complete report is being 
issued in pamphlet form for immediate distribution, details on page 597 


energy is the calibration, installation, and main- 

tenance of the meter that measures this energy. 
This constitutes an important contact between the utility 
company and its customers. The diligence with which, 
since the origin of the art, methods and techniques have 
been developed and pursued to insure a high degree of 
accuracy has done much to create on the part of the 
customer a feeling of confidence in the meter by means 
of which his charge for the service rendered is computed. 


i VITAL ASPECT ot the art of metering electric 


CALIBRATION OF THE WATT-HOUR METER 


In most states periodic testing of watt-hour meters is 
required by law. The period between tests varies, but 
six-year periods are common practice at present and longer 
ones are contemplated. If a meter is removed or dam- 
aged, or if there is a complaint from a customer, it may 
receive special tests between the periodic ones. 

Tests that can be performed in a laboratory or shop 
may utilize procedures and equipment not generally 
applicable to tests made on the customer’s premises. It 
is obvious that test equipment for field use must be pri- 
marily portable and self-contained. However, a test, 
whether in or out of the laboratory, must consist of com- 
paring the performance of the meter to be tested with a 
certain established standard of performance. 

In the very early days calibration of the meter was a 
major problem, because suitable standards of comparison 
were not available. At first indicating instruments were 
used exclusively for calibrating purposes. In order to 
make a complete calibration, it was necessary to measure 
voltage, current, watts, and time. 

Standardization is important in the manufacture of any 
electrical equipment but it is obviously of special im- 
portance in the manufacture of watt-hour meters. From 
the beginning, the manufacturers set up standardizing 
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laboratories in which fundamental standards were main- 
tained in close calibration with those of the National Bureau 
of Standards. Each employed the best techniques then 
known to make their manufactured product conform to these 
standards. It must be understood that in the very early 
days of the art primary, secondary, and working standard 
instruments, as these are known today, were not available 
and the problem of standardization was a major one. 

Prior to 1900, voltage was measured with a Cardew 
hot-wire voltmeter (figure 32). Current was measured 
by means of the Siemens dynamometer (figure 33), or a 
Kelvin balance (figure 34). Power was measured by the 
Siemens watt-dynamometer or the Kelvin watt-balance. 
Figure 35 shows an improved dynamometer-type instru- 
ment known as a “precision wattmeter’’ developed in 1904 
by the Westinghouse company. It is a modified Kelvin 
balance. Time was measured with a stop watch. Fre- 
quency in those days was determined by means of a steel 
wire stretched in the field of an a-c electromagnet. The 
vibrating length of the wire was varied to secure resonance 
by use of a rider, and the frequency measured with a 
stationary scale graduated in ‘‘alternations per minute.” 

By 1897 the Weston Electrical Instrument Corporation 
had developed a ‘‘direct reading” portable wattmeter and 
its voltmeter. These instruments were push-button- 
damped at intermediate deflections but were undamped 
when taking the final reading. Thus with variations in 
supply voltage, and undamped instruments, the calibra- 
tion of watt-hour meters in the early days was an exceed- 
ingly tedious process. 

The uniform calibration of these early indicating stand- 
ards presented an additional problem. They could not 
be transported to and from the National Bureau of Stand- 
ards without their calibration being impaired. Moreover, 
they all had serious temperature errors. This condition 
compelled all the manufacturers to establish and maintain 
their own standardizing laboratories. Such laboratories 
are equipped to check the indicating standards against 
primary standards. Standard cells, standard resistances, 
and other fundamental standards are checked with the 
National Bureau of Standards at regular intervals. 
Standards laboratories are maintained as separate units 
from the main production laboratory. 
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Figure 32. The 
Cardew hot-wire 
voltmeter, instru- 


ment used before 
1900 


The early experience of the utilities followed closely 
that of the manufacturers, and many embarrassing ques- 
tions arose as to whether the utility or the manufacturer 
was correct. In some instances standards were shipped 
back and forth in an attempt to establish comparisons. 
The difficulties of the early days are suggested by figure 36 
which reproduces a photograph (exact date not known) 
of the ‘“‘meter shop” of the Commonwealth Edison Com- 
pany of Chicago, Ill. Considering the type of surround- 
ings and the equipment available it is surprising that 
the quality of the work done was as good as it was. 

The next major improvement in the testing of watt-hour 
meters was the introduction of the rotating standard by 
the Westinghouse company in 1899. Early forms of this 
instrument consisted of a regular watt-hour-meter unit 
mounted in a box having a suitable case and handle. The 
disk shaft extended into the lid of the box and was equipped 
with a sweep hand which revolved over a circular scale 
divided into 100 equal parts. The total number of whole 
revolutions was recorded on a separate dial. Thus any 
number of revolutions of the rotating standard could be 
determined to 1/100th part of a revolution for any given 
number of revolutions of the meter being tested. 

In 1903 W. J. Mowbray designed and built the first 
multiple-range rotating standards. These test meters 
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Figure 34. A Kelvin watt-balance 
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Figure 35. Dynamometer-type precision wattmeter 


had two voltage ranges and three to five cur- 
rent ranges. The first d-c rotating standards 
could not be operated by opening and closing 
the potential circuit but the a-c rotating stand- 
ards were operated that way from the be- 
ginning. 

The meter being tested, the rotating stand- 
ard, and a suitable load all are connected in 
series. In the simplest case, where the test 
constants of the meter and standard are iden- 
tical, a test would be made in the following man- 
ner.. The standard is run for the exact length 
of time that it takes the meter to run a specified 
number of revolutions, say 20. If, for example, the 
standard runs more than 20 revolutions, the meter be- 
ing tested is slow and must be adjusted until the revo- 
lutions of both meters are the same. Practically all field 
testing is done this way, and all but the larger compa- 
nies use this technique in their meter shops and labo- 
ratories. This method of testing greatly speeded up the 
calibration procedure, since any fluctuations in load af- 
fected meter and standard alike, and therefore did not 
alter the result. The accuracy of the standard was 
maintained by checking it with indicating instrument 
standards which in turn were checked against primary 
standards in the standardizing laboratory. 

A modified form of the rotating standard was used in 
the production laboratory by the manufacturers. Test 
boards or panels were developed to speed up the operation. 
Gang testing also came into existence. In such arrange- 
ments two or more meters were tested at one time, with 
or without automatic starting and stopping. Master 
clocks with contacts frequently were used to determine 
the time interval. 

In several instances the improvements already men- 
tioned in the development of the watt-hour meter were 
first applied to the rotating standard, and only later to 
the general production of watt-hour meters. In any 
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event, improvement in the rotating standard at least kept 


_ pace with the general advance of the art. 


In 1925 development in electronic devices had progressed 
to the point where the possibility of their use as auxiliaries 
in the testing process gave promise of both greater speed 
and greater accuracy. The first recorded device of this 
character was developed in 1925 by A. R. Rutter of the 
Westinghouse Electric and Manufacturing Company. 
This particular arrangement focused a light beam through 
holes in the meter disk upon a photoelectric cell, which in 
turn caused marks to be printed on a tape upon which a 
time scale was placed from contacts on a master clock. 
Thus the speed of the disk could be determined without 
actually counting the revolutions. 

Some two years later H. P. Sparkes, also of the Westing- 
house company, suggested the use of the stroboscopic 
principle as a method of calibrating watt-hour meters. 
The principle of the stroboscope may be applied to testing 
meters in several different ways. Basically, however, the 
method consists in cutting a number of evenly spaced teeth 
(for example, 400) on the periphery of 
the disk, or marking the disk with 
equally spaced lines, and focusing upon 
these markings a beam of light that 
is interrupted at a known rate or 
turned on or off at a known rate. 
By such an arrangement it is possible 
to cause the disk to appear to stand 
still at the speed at which the meter 
is correctly calibrated. If the disk 
appears to drift backward the meter 
is slightly slow and if it appears to 
drift forward the meter is slightly fast. 
Thus the meter may be adjusted visu- 
ally without the necessity of counting 
the revolutions. 

The larger utilities which have a huge 
number of meters to handle have found 
it economical to build and maintain 


the bottom sets the test constant for the meter being 
tested. The right-hand dial at the bottom makes the 
necessary connection for a two- or three-wire meter of any 
number of terminals. Immediately above the two bottom 
dials is a voltage-selector switch and above that is a cur- 
rent-selector switch. The push buttons on the right-hand 
edge of the panel are the adjusting and starting switches. 
Relays control the sequence of the operations, the neces- 
sary adjustment of the disk to zero, and so on. When the 
proper test constants, connections, voltage, and load have 
been selected, the starting button is pressed and the test 
proceeds under completely automatic operation until it is 
completed. The resultant registration of the meter is 
indicated on the appropriate large dial on the upper left- 
hand side of the panel. If adjustments are necessary, 
they are made, and the operation is repeated until the 
desired accuracy is obtained. 

One type of test made exclusively by the utilities is that 
made on the customer’s premises. In the very early days 
this was a difficult and tedious process, but with the 


well-equipped establishments for their Figure 36. Early meter shop and laboratory of a public utility 


meter departments. Figures 37 and 38 

illustrate what some of the larger utili- 

ties are doing. These photographs show the meter labora- 
tories of The Detroit Edison Company, Detroit, Mich. 
Figure 37 shows the section of the a-c standards labora- 
tory where the rotating standards are checked periodically; 
figure 38 a section of the main production laboratory with 
gang testing in operation. 

Many of the larger utilities are using the stroboscope in 
their production laboratories. The fact that meters of 
more than one manufacture, and therefore of more than 
one basic test constant, are involved complicates the 
arrangement somewhat, but the underlying principle is 
the same as that previously described. Figure 39 shows 
a stroboscope installation used by the Commonwealth 
Edison Company, Chicago, Ill. 

Some utilities have developed testing boards that are 
essentially fully automatic. In figure 40 is shown a panel 
of this kind developed by the Pennsylvania Power and 
Light Company, Allentown, Pa. The left-hand dial at 


development of the rotating standard both difficulty and 
tediousness were greatly reduced. There still remained, 
however, the problem of providing a suitable load for the 
meter. At first the customer’s load was used, but since 
this could not be controlled properly, it was generally 
unsatisfactory. To avoid the problems involved in using 
the customer’s load, the practice of isolating the meter 
from this load by by-passing the feeders around the meter 
during the test became general. Artificial loads then 
were used in making the test. At first variable resistors 
of one form or another were used. Later the so-called 
phantom load came into wide use. This device is an 
application of the transformer principle to the creation of 
the desired current at low voltage for testing purposes. 
It is small, compact, and of light-enough weight to be 
carried easily by the tester. 

The testing of d-c meters was accomplished from the 
beginning by the use of variable rheostats for meters of 
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Figure 37. Shop testing division of a public utility, modern installation 


low rating and by storage batteries when the rating was 
large. This practice is still in use today and for large- 
capacity meters requires a considerable number of storage 
batteries with the necessary transportation to and from 
the installation. 


INSTALLATION OF THE WATT-HOUR METER 


Progress has been made in the technique of installing the 
meter as well as in its manufacture and calibration. In 
figure 41 is shown an early installation, 
which in the light of present practice 
may be described as being everything 
it should not be. This installation 
“just grew.” There is no indication 
of a plan and no attempt at protection 
either of life or of property. In fact, 
one is forced to conclude either that 
electric codes were nonexistent or 
that inspection was reprehensibly lax. 
Yet to the meterman the picture has a 
strange fascination. Contrast this 
picture with figure 42, which shows a 
modern, completely inclosed indoor in- 
stallation. Inaspace little larger than 
that used for the old installation are 31 
meters, each with properly sealed test 
facilities. In figure 43 is shown a still 
more modern installation, employing 
socket-type meters with enclosed test 
facilities. Here also is illustrated a 
meter tester at work under conditions 
that are conducive to high-quality re- 
sults, obtained with maximum safety 
for both the tester and the property. 

The progress which these pictures 
illustrate was made possible princi- 
pally by two factors: a basic change in 
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the National Electrical Code, and the 
standardization of meter-terminal di- 
mensions and arrangements. 

Until about 1931 the Code required 
that a switch and a main-line fuse be 
placed between the supply and the 
meter. Such an arrangement limited 
the installation largely to indoor ar- 
rangements, besides creating a number 
of complications when more than one 
meter and service were connected to 
a single entering circuit. Since access 
to the line ahead of the meter was at 
least possible in the old sequence, at- 
tempts were made in the early days 
to seal switches and even fuses, but 
such practices were generally unsatis- 
factory. About 1931 the Code was 
changed to permit the installation of 
the meter ahead of the switch and 
fuses. This sequence was a much sim- 
pler arrangement, and also removed any 
possible temptation on the part of an 
unscrupulous customer to connect loads ahead of the meter. 

The standardization of the meter-terminal dimensions 
and arrangements in 1934 also helped along the progress 
of standardized meter installations. Meters of any manu- 
facture could be mounted interchangeably, as far as 
meter trims, test facilities, and conduit arrangements were 
concerned. 

The development and more general use of meter-testing 
devices has increased greatly the safety of the meter tester, 


Figure 38. The a-c standards laboratory of a public utility 


ELECTRICAL ENGINE ERING 


particularly in respect to power metering at high voltages. 
Where such devices are economically feasible accidents 
are reduced materially and much time is saved. Many 
such devices have been designed, to meet a multiplicity 
of conditions, but, in general, they consist of switching 
arrangements which disconnect the meter from the cus- 
tomer’s load and at the same time connect that load 
through to the line and afford access to the meter ter- 
minals for test purposes. 

Figures 43 and 44 illustrate two such devices. The one 
in figure 44 is a power-metering installation requiring in- 
strument transformers (not shown) and demand meters. 
The two meters on the left center of the board are printing- 
type demand meters. The device just above the tester’s 


Figure 39 (above). 


Strobometer 


Figure 40. Auto- 


matic testing unit 
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Figure 41. 


Early meter installation 


Figure 42. Modern meter installation 


head is a demand-totalizing relay. It is used for the pur- 
pose of totalizing demand impulses from contactors in 
each of the four polyphase watt-hour meters shown on the 
board, adding these impulses, and delivering the result to 
one of the demand meters. The composite demand of 
the four circuits being metered is then printed on the tape 
of the latter. This demand meter is a class II meter, as 
described in part III of this report. 

The introduction of a temperature-compensated, weath- 
erproof meter, combined with the revision of the Elec- 
trical Code, made outdoor metering physically and eco- 
nomically feasible. One form of such installation before 
and after a changeover from indoor to outdoor metering 
is illustrated in parts (a) and (0) of figure 45. In (0) an 
outdoor meter of the A-base type is used in conjunction 
with a protector case. Figure 45 (c) illustrates another 
method of outdoor metering where a socket-type meter is 
used without any additional protection being required. 

Many different arrangements of meter installations 
could be illustrated, but the typical examples mentioned 
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are sufficient to show the progress in this phase of the art. 
However, occasional installations that have not been 
modernized are still to be found. Rehabilitation and 
modernization of meter installations of necessity must lag 
considerably behind development, for obvious economic 
reasons. 


CONCLUSION 


This report has dealt with 60 years of progress in the 
art of measuring electric energy. Measurement is essen- 


(a) (b) 
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Figure 43 (left). Modern meter installation 
with built-in test facilities 


Figure 44 (below). Modern power-metering 
switchboard installation 


tial to the progress of any industrial art but the measure- 
ment of electric energy was of particular importance to the 
development of the process of supplying this energy for 
the improvement of human welfare. 

Because this art is more directly affected by economic 
and sociological trends than are many other industrial 
arts, its progress has been more difficult to depict. A 
great diversity of interests was involved in its growth. 
Such bodies as the national meter committees of the 
Edison Electric Institute and the Association of Edison 
Illuminating Companies have 
had a particularly noticeable 
influence upon its develop- 
ment. 

The nature of this report 
is such that the operating 
engineers cannot be given 
individual recognition, but 
collectively they are entitled 
to and should receive a con- 
siderable share of the credit 
for the progress that has been 
made in the art of metering 
electric energy. 


Figure 45a. Old-style service 
drop with indoor metering 


Figure 45b. New-style service 
drop with outdoor metering; 
meter has protector case 


Figure 45c. Outdoor metering 
(c) with socket meter 
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Meter Patents Listed in the Patent Office Gazette 


Some of the more important patents issued to inventors, with brief descriptions of some specifically mentioned in the text or of particular historical 
interest. Those chosen show important steps in the advancement of the watt-hour meter art, or establish important dates 


eS—_— —= 


a 


Description 


Name Patent No. Date 
Gardiner, Sawyer, Fuller and Forbes 
S. Gardiner, Jr......-. 132,569...October 29, 1872 These devices were all similar to Gardiner’s number 1 claim: fal The combination and arrange- 
W. E. Sawyer....----- 210,151...November 19, 1878 ment of an electromagnet and its armature with the releasing device of a clock mechanism for indicat- 
J. B. Fuller......--.-- 210,316. ..November 26, 1878 ing upon a dial the time during which an electrical current is in action’ 
CG Forbes. ac cece. 366,824... July 19, 1887 
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Meter Patents Listed in the Patent Office Gazette (Continued) 


a 
Name Patent No. Date Description 
Edison ; . ae 
{ “A Weber Meter.”” Two plates in an electrolyte balanced on a rocking beam. When one plate re- 
ceives a sufficient deposit of, say, copper it tips the balance in its direction thereby reversing the cur- 
240,678...April 26, 1881....-- ‘++ )rent through the electrolyte and recording the result on a dial. The process is then repeated in the 


opposite direction F ? 
eee 4,1881....... ....A motor meter driving a fan for a load : “ 
a cees a ree. 18, 1881....-. _ ++ Device for decomposition of water, arranged so that the gases released actuate a recording mechanism 
T. A. Edison 251,545 . December 97, 1881....+;An electrolytic cell in conjunction with an electromagnetic recording mechanism 
a eae : aa : Two electrolytic cells, one to operate at a faster rate (across a higher resistance shunt) than the other. 


Means of heating the electrolyte to keep resistance of shunted circuit constant. One cell was intended 


251,557... December 27, 1881.--+ \to be used for a check meter on the other. This is similar to the meter described in part I of this series 
of articles (EE, Sept. ’41, p. 421) 
251,558... December 27, 1881..... _Antifreezing resistances claimed 


281,352... July 17, 1883...... 


Weston and Mott 5 
Edward een 282,428... July 31, 1883...........First recorded patent of the men who later founded the Weston Electrical Instrument Corporation 
Samuel Mott ae te eae ; 


Thomson 
Patents for the rocking-beam meter consisting essentially of two glass bulbs connected by a glass 
tube all mounted on a beam pivoted at the center. Each bulb had a heating element through which 
381,441 the current to be measured passed, first in one bulb, then the other. The heat generated expanded 
381,442 . April 17, 1888..... ... (the gas in the bulb, forcing a liquid into the other bulb and thereby rocking the beam in that direction. 
381,443 The process switched the current to the filled bulb and repeated the process. These three patents 
were followed by some 12 or 15 others covering improvements on this meter. The last of these was 
issued about 1890 
Elihu Thomson.... With this patent Thomson seems to have abandoned the rocking-beam meter and switched to the 
444,930...January 20, 1891...... commutator-type-motor meter. It was filed in 1890. This first patent used electromagnetic retarda- 
tion a 
448,894... March 24, 1891......... Permanent magnet retardation used here 


Patent on voltage transformer called a ‘‘converter” used in the potential circuit of Thomson’s com- 
mutator-type-motor meter. Perhaps the first instrument transformer ever used. Also indicates that 
508,661. ..November 14, 1893... his meter would operate on alternating current. Followed by many others covering improvements _ 
thereon 


Aron and Siemens 


TPPATOn eee ...«374,860...December 13, 1887... ieee Aron’s pendulum meter, one of the most accurate d-c energy-measuring meters ever 
E. W. Siemens........415,577... November LOR LSSO eer. Commutator-type motor meter 


DeFerranti, Hookham, Halsey, Gutmann, and Lanphier 
S. Z. DeF ti......338,588... March 23, 1886.... F : é ; 
George sok: e579 nee x Neate a ae anes The DeFerranti patent discloses the Faraday disk or mercury-motor meter; the Hookham patent is for 
i Sralsey ee, ce "626.832. ; ane 13 1899 eae another mercury motor meter. The five patents listed here represent the backbone of the mercury- 
L. GuGnann at y : motor meter art. All the present meter manufacturers and several others at one time or another ob- 

\ ... 738,902...September 15, 1903. tained patents on a meter of this type. Lanphier of the Sangamo Electric Company seems to have 


R. C. Lanphier pecan 1 ‘ - is il s f - 
R. C. Lanphier.......843,155...February 5, 1907... ee e only one to persist and eventually to produce an accurate and reliable meter of this type 


Shallenberger 


poreee elec the first induction-type meter in the United States; its number 1 claim reads: ‘1. 
The combination of a rotating armature, an inducing circuit polarizing said armature when traversed 
388,003...August 14, 1888...... by alternating electric impulses, a second inducing circuit receiving currents from the first circuit and 
polarizing said armature in a different direction, and a counting, registering, or indicating device actu- 
ated by the movements of the armature”’ 
Describes some alternative ways of obtaining a shifting field, the use of a shunt coil to overcome fric- 
388,004... August 14, 1888...... Her or to es a wattmeter element. Also illustrates the use of reactors and capacitor to produce 
uxes out of phase with each other, but apparently not, at that time, in the sense of laggin 
414,595... November 5, 1889......Adds transformer with taps to increase range psi / 
419,367...January 14, 1890..... { Lepteyemicuts in construction and movable secondary inducing circuit to adjust speed for a given 
curren 
O. B. Shallenberger The inventor seems to have been much worried by what he called ‘leakage currents,’”” which today 
would be called exciting currents. The meter was evidently being used on the primary side of distri- 
448,676...March 24, 1801....... bution transformers and, of course, read even when no lights were turned on the secondary side. To 
cause the meter to fail to respond on the “leakage currents of the converter” but to respond when any 
light was used on the secondary of the ‘‘converter’”’ the armature of the meter (disk) was flattened on 
two sides. This patent was followed by several others using electromagnetic and other schemes for 
the same purpose 
ae covering the watt-hour meter—the substitution of coils of wire for the short-circuited 
secondary or inducing circuit, and the connection of these coils for both potential and current 
Apparently the first patent disclosing the use of a short-circuited coil and series resistance for phas- 


eile ae purposes; represents Shallenberger’s most important contribution to th i 
591,240. ..October 5, 1897.......,. Improved means of phasing a meter " seme Se 


531,866...January 1, oak 
531,867...January 1, 1895 


548,231...October 22, 1895 


Slattery 


M. M. Slattery.... 404,801...June 4, 1889......., B00 Pace , 
attery { 410,860...September 10, 1889. Same principle as Shallenberger’s meter, but used extra heavy copper grids for the secondary coil 


+++» Overload i i : * : 
Dees oad compensation applied by counterbalanced split vanes which operated by centrifugal force 


500,868...July 4, 1893.. Multiphase meter. Refers t icati . “ie 
July 893 spe are Bem! oe aN ers to an application filed December 21, 1891, serial No. 415,825, giving the 


even 4 Vere pleaaieiy +++++++++Describes early air-vane meter mentioned in text 
Folate : Sivisie’slejcietere D-c-motor meters used on alternating current. Shows use of instrument transformers 


T. Duncan genes «July 18, 1894......... - Addition of core in secondary to improve torque 
551,436 } - December 3, 1895.......Improvements 


560,087... May 12,1896......... ane Of eae at with wire and connecting it in shunt thus making a watt-hour meter. This 
753,193... atent was ollowed in close order by 25 or 30 patents covering both d- = ’ 
3...February 23,1904 ...... First patent issued to Duncan’s Lafayette residence ooo eee ee 


Gutmann 


eadwie Guinan { misitiulstovere iets An air-vane induction-type lamp-hour meter 


stacajenees Improvement of slanting slots in barrel-like drum used for disk 
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; Meter Patents Listed in the Patent Office Gazette (Concluded) 

ean siete nc er es sees encase co a a 
Name Patent No. Date 

ae 


: Conrad, Davis, and Bradshaw 


Description 


_H. P. Davis and \ 
---608,842,.. August 9, 1 i 
E po pare 8 898 aS Pouer method of measuring energy in a three-phase, four-wire system using three current trans- 
: sence eeeess 716,867... December 30, 1902 formers (secondaries in delta) and a two-element polyphase meter 
. W. Bradshaw....... - 807,435... December 19, 1905...... Casing and terminal blocks. 
Wood and King 


ra iawoades.. 442,501... December 9, 1890.......A rocking-beam meter 

Rdever 

j { 469,800. . - March 1, 1892 ..........A meter which is fundamentally wrong in principle 
BOF King ook. cc ac { woes --April 2, 1901 ........... Describes type K meter 

Besta he: . 7,640. ..May 12, 1908...........Type K meter with forms of potential shunt 

| An ie seeeseee» 780,769... January 24, 1905........ Correct principles in this meter 


Kennelly, Oxley, and Steinmetz 


A. E. Kennelly .. 479,167... Jul 
: Rashes is PLY LOE SO DS. sen cas ck A motor meter with drag coil in series with the armature 
C. P. Steinmetz .......539,452...1895........ ++eee+++...Two-element d-c meter of commutator type 


Ds. 588,170..,August 1897 
Oxley ccc. seuss { 593.852... acetals 16, 1897 } ++»-Both of these patents covered multi-rate meters 


| C. P. Steinmetz. ......780,769.. paUrase FO 1OOB Ce. cack eu Shaded pole meter 
Pratt, Vaughen, Lunt, Alton, Vogel 


W. H. Pratt...... 590,648. ..September 28, 1897......A d-c two-element meter 

“** + 645,125... March 13,1900........ alread ners consisting of a coil in series with the potential coil to start a meter. First form of 

ight-load or friction compensation. Early coils were not apparently adjustable 
ey ecenes 678,075. ..July 9, 1901....... .....A bent iron-wire clip put on edge of disk to prevent creeping. Apparently first anti-creep device 
: = “7 orececene. 696,459... April 1, 1902.......... . Copper squares ‘‘pasted”’ on disk to act as anti-creep devices 
- H. Alton..........733,611...July 14, 1903 ........... Improvement in jewel mountings 
711,932. ..October 11, 1904........ Another form of starting coil 
Wm Lo PEOTE eles s 816,375... March 27, 1906....... pata 0 tae Raat meter for use on three-phase four-wire systems, The equivalent of 
Conrad’s three-current transformer scheme 

835,321... November 1906 ........ Covers the first adjustable light-load plate used 
F. M. Vogel..........941,486...November 30, 1909.....Covers a lag plate 


WEEE Prattec. suck { 984,297... February 14, 1911.......Covers grid mounting of the elements in a meter 


1,002,031... May 20, 1913........... Improved light-load and lag plate 
Lanphier 
R. C. Lanphier. ....1,010,271...November 28, 1911...... Covers the type H meter 
Harris 
APSR MITES ccc & em-ctacwie { 543,865...August 6, 1895.......... Combination graphic and watt-hour meters 
583,000... August 21, 1900......... Wet mmntion aneter 
Stanley 
W. Stanley, Jr..... { 494,513...March 28, 1893........ =A two-coil acc miter 
588,666... August 24, 1897......... The magnetic flotation meter 
Scheeffer 
522,674...July 10, 1894.......... .Early model of Diamond Meter Company meter. Used a cup disk and air-vane damping 
530,351... December 4, 1894...... . Later model of Diamond Meter Company meter 
591,641...October 12, 1897........ Four-magnet meter 
599,302...February 15, 1898...... .D-c meter 
G. A. Scheeffer.... 643,162...February 13, 1900....... Round-type Diamond meter 
905,934... December 8, 1908...... .Inclined-coil type. Columbia Meter Company 
950,074...February 22, 1910....... Assigned to General Electric Company 
S05. G37. oosute 20, $911 So0. owenioce Columbia Meter Company 
1,082,653... December 30,1913....... Roller Smith Company meter 


Blathy, Batault, Tollie, Boddie, Bradshaw, Knight, Kurz 


i t t shunt and the other series, offset from each other with 
Cree Bitthy. v4 sse4 >, 423,210. ..March 17, 1890........ { Meter with: fwo or more electromagnets one set shunt a 


respect to a disk upon which drag magnets also operate 
Pet Atlt on ateinela\e\e 693,537...February 18, 1902...... Diverter or saturable member for improving characteristics 
O. T. Blathy { 716,372... December 23, 1902...... Improved pole tips and magnetic circuits ; j 
Acad sh 853,216.06) May 14, 1907. oi ose's 04 Various shunts and special pole pieces for improving load curves RA rode e re aN 
HEEGiic ee ee 1,155,384...October 5, 1915...... f te L-shaped bracket placed on both current and voltage magnet to compensate 
form of saturable member 
C. A. Boddie and \ . -1,285,911... November 26, 1918...... Overload compensation devices 
W. Bradshaw ; 
C@ A. Boddie....... 1 290 49222 Jautary 75 LOLs rec ec ae Another form of saturable member for overload compensation 
dis JN, US a rh es - ae BOS FOU. eee Dt 8) LOI. oc cuiewwsws Another form of saturable member for overload compensation 
| DLS Ty = Cnc este eae 1,727,509. ..September 10, 1929...... Another form of saturable member for overload compensation 


Kinnard and Green 


i i tive t rature coefficient material in shunt with the per- 
I. F. Kinnard...... +1,706,171...March 19, 1929....... A ea arama with negative tempe 
2,110,417... March 8, 1938....... ...Discloses the use of the laminated noninterfering disk for use in single-disk polyphase meters 
Stanley Green..... 42,110,418... March 8, 1938.......... Discloses the first use of Alnico magnets in watt-hour meters ; 
2,203,411...June 4, 1940. .coceeeeees Patent on new pivot material called Permalloy for use in watt-hour meter pivots 


Wright, Merz, Luckee, Steele, Karapetoff, Hall, Mowbray 


: 702,844...June 17, 1902.......... .Early form of Wright demand meter : ; 

soo W HERE ae hot 702,847...December 23, 1902...... Wright demand meter of the form still used in this country 

EP MICEZ. creishointes ates 722 0305. -Marchi3, 1903 .....2...» Discloses underlying principle of demand meters ue ; 

W. W. Luckee \ 933,845. ..September 14, 1909...... Mechanical device embodying all essentials of modern demand meter except clock timing of interva 

and D. J. Steele ‘me ‘ 7 

Demand meter using clock, which may be set for any time interval desired. Several additional 

Rag 2 peter anes: Diz bose: Crouse AA DON eee Ve not used on modern indicating block-interval demand attachment rai 
Five-minute block-interval demand of present type, in which Hall refers to Cc. H. Merz’s work o 

C. F. Hall 1,028,715. ..June 4, 1912.......... Fee 

W. J. Mowbray 120242182. sApril 23, VOU 2 ee. Temperature-compensated rotating standard for d-c meters 
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Ten Years of Progress in Relaying 


This is the second of a series of three related articles which together present a review 
of the progress made in the past decade in the protection of electric power-system 


circuits and equipment. 


This article, concerned with protective relaying, has been pre- 


pared under the auspices of the AIEE committee on protective devices. The first article 
of the series, concerned with circuit-interrupting devices, was published last month; 
the third, dealing with lightning-surge protective devices and the protection of systems 
against lightning, is now in preparation and is scheduled for publication in a later issue. 


might conclude that protective relaying was an 

unromantic and prosaic subject. Here are a lot of 
little devices that spend most of the time sitting still, with 
not even the little eye-appeal of the moving pointer of an 
instrument or the passing black spot on the disk of a 
watt-hour meter. Yet compacted within these small cases 
is the fruit of the labor of many minds, in such form that, 
when called upon to function, relays take a set of observa- 
tions, perform a lightning calculation, and act, all within 
1/20 of a second. 

Put in more technical terms, the general objectives of 
protective relaying are: (a) the limitation of damage to 
electric equipment, and (>) the maintenance of adequate 
service with reasonably low investments in generation, 
transformation, transmission, and distribution equipment. 
In order to obtain these objectives, the protective-relay 
system must detect positively the occurrence of a short 
circuit, determine enough about its location to permit 
selection of the breakers which must be opened, and con- 
trol the opening of only those breakers necessary to remove 
the fault from the system—all in a time short enough to 
limit equipment damage and reduce system disturbances 
to a reasonably low value. 

In a period of a little more than ten years, a major 
change has been made in protective-relay methods. From 
the standpoint of the electrical industry, probably the 
greatest significance of the change is that modern relaying 
methods make possible the rendering of improved service 
with.a lower investment in major electric equipment, re- 
sulting in savings that many times exceed the total cost 
of the protective relays. 

Previous to 1930, most relay applications for line pro- 
tection used overcurrent and directional relays with 
graded time delay to obtain selectivity. As a result the 
time required to clear many system faults was a matter of 
seconds. As systems became more complex two limita- 
tions of the graded time overcurrent relays became appar- 
ent. One was that the prolonged duration of faults some- 
times resulted in loss of system stability; the other that, 
when the maximum load current equaled or exceeded the 
minimum fault current, overcurrent relays were unable 
to distinguish between load and short-circuit currents. 


J UDGING from the external appearance of relays, one 
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During the period since 1930 selectivity has been im- 
proved somewhat but the chief improvement has been in 
speed of operation. The trend has been definitely toward 
the provision of means whereby at least the more severe 
faults will be cleared in relay times of the order of one to 
three cycles. This has brought about the development of 
new relay systems, such as distance relays and pilot- 
relays, and also of many new relay elements. These new 
devices have a much higher torque-inertia ratio than the 
familiar induction disk formerly used and therefore are 
inherently much faster in operation. 

The relays and relay systems developed during the past 
ten years and now in common use have two outstanding 
characteristics. First, if a fault occurs in the area pro- 
tected by a given relay, the relay operates to energize the 
breaker trip circuit in a time of the general order of one to 
three cycles. Second, the relays are capable of distin- 
guishing between load currents and fault currents despite 
wide variations in system generating capacity. These de- 
velopments, combined with the parallel development of 
high-speed circuit breakers, have made it possible so to 
protect a transmission system that any line fault will be 
cleared in a total time of ten cycles or even less. 

The new relays for line protection may be divided into 
two classes, the distance relays and the pilot relays. Dis- 
tance relays may be of either the impedance or reactance 
type. Pilot relays may operate over physical pilot wires 
with a-c or d-c excitation, or may use carrier current over 
the line conductors themselves. 

While most of the changes of the past decade have 
affected line relaying, some marked improvements have 
been made in relays for apparatus and bus protection, 
characterized largely by developments making possible 
faster operation. 

The trend in relaying in the immediate future seems to 
be toward simplification and improved reliability rather 
than toward any fundamental changes in relays or sys- 
tems, or in speed of operation. Considerable interest ex- 
ists in the possibility of using vacuum tubes for relaying. 
Such use remains a distinct future possibility, and the in- 
creasing need for more sensitive devices may result in the 
development of radically new relay devices for such pur- 
poses. Some of the fields where more sensitive operation 
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might prove helpful are ground protection, bus protection, 
and pilot-relay systems. 


DISTANCE RELAYS 


The distance relays used before 1930 were not of the 
high-speed variety. They were so designed that the time 
of operation was a direct function of the distance from the 
relay to the fault. This form of time-distance character- 
istic produced satisfactory selectivity, but was not suitable 
for high-speed relaying. _ 
| The modern high-speed relay is set to operate on its so- 
called instantaneous time for any fault within 80 per cent 
of the protected line section. The so-called instantaneous 
time step is of the order of one cycle in actual practice. 
For faults beyond the 80 per cent of the line covered by 
the instantaneous element, a definite time is introduced 
into the relay system sufficient to permit a similar relay 
to clear selectively in the first zone in case the fault is 
beyond the next station. 

The step-distance-time curve can be obtained with re- 
lays which have measuring elements operating either to 
measure impedance or reactance. Both types have been 
used very widely, although most applications have pro- 
vided protection only for faults involving more than one 
phase, that is, either phase-to-phase or three-phase faults. 
While the theoretical possibilities of applying the step- 
distance characteristic for single-phase-to-ground faults 
have long been known, there has been relatively little ap- 
plication in this field because of the variations in distance 
measurement introduced by ground fault conditions and 
the cost. 


PILOT-WIRE PROTECTION 


At the beginning of the last decade, pilot-wire protec- 
tion of transmission lines was essentially similar to differ- 
ential protection of generators or transformers, in that the 
actual secondary output of the current transformers at the 
two ends of the line was compared physically at a relay 
having the necessary interconnecting pilot wires. This 
system not only required a costly multiconductor pilot wire, 
but imposed a very high burden on the current-transformer 
system so that accuracy was impaired, and in addition 
required continuous integrity of the pilot-wire circuit. 

Two main developments have characterized this past 
ten-year period. One is the development of the so-called 
directional-comparison type of pilot-wire system, whereby 
the indications of directional relays at the two ends of the 
transmission line are compared over a physical pilot wire 
operating as a simple d-c telegraph circuit. In its simplest 
conception, the contacts of the two directional relays, one 
at each end of the line, are inserted in series in the pilot- 
wire circuit and the connections of the relays so made that 
for any internal fault causing power to flow into the sec- 
tion at both terminals, both relays will close contact and 
thereby energize the pilot-wire circuit, and in turn cause 
the tripping of the oil circuit breakers. 

The other development has been made possible through 
the availability of new relay elements requiring mate- 
rially less energy for operation. It is now possible to sup- 
plant the multiconductor pilot wire of the earlier differen- 
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tial systems with a single telephone pair. High-speed 
differential relays responding to all types of faults are now 
available for the protection of transmission lines of reason- 
able length over a conventional telephone pair. Special 
applications have been made successfully on lines as much 
as 25 miles long. 

Both these systems have been widely used, and have 
been shown through adequate operating experience to be 
thoroughly reliable. With either the d-c or the a-c system, 
tripping times of the order of one to three cycles are now 
readily available. 


CARRIER-CURRENT PROTECTION 


The first carrier-current relay system was described be- 
fore the Institute in 1928. This system proposed to simu- 
late the multiple-conductor pilot systems then in use, and 
to compare the phase relationships of the currents in the 
two ends of the line by means of 60-cycle modulation of 
the carrier system. A number of installations made in 
1929, for protection against ground faults only, gave satis- 
factory results. Attempts in the earlier days of the de- 
velopment to make the system operative on all types of 
faults were not successful because the power requirements 
of the relay system at that time were greater than the 
available output of current transformers. 

Subsequently, the comparison of phase relationship of 
currents was discarded in favor of a comparison of power 
direction at the two ends of the line similar to the system 
described for the d-c pilot system. As used today, the 
carrier impulse is a means of preventing tripping whenever 
an external fault occurs. In case of an internal fault, di- 
rectional relays at the two ends of the line, operating in 
response to power flow into the line, turn off the carrier 
signal and thereby permit tripping. The relay systems 
now in use turn on carrier immediately whenever a fault 
occurs, whether internal or external to the line section, 
and the carrier subsequently is controlled by the operation 
of the directional relays to allow or prevent tripping as the 
fault location dictates. 

Improvements in the design of equipment and circuit- 
control features have permitted a reduction in operating 
time from between 15 and 30 cycles with the original sys- 
tem to between 1 and 3 cycles with the modern system. 
Two types of equipment are in use. One consists of simple 
fault-detecting relays for turning on the carrier signal and 
directional relays for controlling the signal once started 
in response to a fault. This system functionally provides 
the equivalent of differential protection and is operative 
only in case of internal faults. The other system builds up 
carrier control about the elements commonly used for dis- 
tance protection, and embodies in one set of equipment 
not only the advantages of differential protection for in- 
ternal faults but also the step-distance characteristic op- 
erative as a back-up for external faults when necessary. 


INSTANTANEOUS OVERCURRENT RELAYS 


While there is nothing essentially new about an instan- 
taneous overcurrent relay, elements of this type have found 
new application in the last ten years. On many systems 
it has been found practical to add instantaneous overcur- 
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rent relays to the graded-time overcurrent relays used for 
selectivity. These instantaneous relays are given a setting 
in current value just in excess of the maximum current 
which could be transmitted to a fault at the remote end 
of the line that they are protecting. Such relays may be 
used for phase-to-phase-fault protection or ground-fault 
protection. It is sometimes necessary to use a directional 
element in addition to the instantaneous relays to secure 
proper selectivity on lines forming part of a network. Op- 
erating experience has indicated that on some systems 
where generating conditions are relatively constant, from 
80 to 85 per cent of all faults can be cleared by the action 
of these relays, which have an operating time of about one 
to three cycles. 


BUS PROTECTION 


The desirability of always providing automatic protec- 
tion to remove any type of fault from the system has be- 
come much more generally appreciated in the past decade. 
As a result many bus sections previously left unprotected 
are being provided with protective relays. The most 
popular method of protection is the one involving the 
differential connection of all current transformers in all 
primary connections to the given bus section. Differen- 
tial protection of this type may employ either standard- 
speed induction overcurrent relays or high-speed relays of 
the multiple-restraint or harmonic-restraint types. Since 
the application of high-speed relays requires a complete 
study of current-transformer characteristics, a more 
thorough investigation and a more complete understand- 
ing of the phenomena involved in current-transformer 
operation, particularly under transient conditions has re- 
sulted. Special current transformers capable of maintain- 
ing ratio characteristics up to more than 100,000 amperes 
have been developed for bus-differential purposes. 

In certain cases distance relays have been employed to 
good advantage where feeder reactors are utilized. Fault- 
bus systems have been employed whereby the fault cur- 
rent to ground resulting from a fault on the protected sec- 
tion is made to flow into the fault bus where its presence 
can be detected and the desired relay operation performed. 


SENSITIVE GROUND PROTECTION 


Considerable study has been devoted to the problem of 
relaying distribution circuits in case of accidental ground. 
A paper! recently presented before the Institute describes 
a system developed and applied to an ungrounded system. 
Research has been carried on in the development of a relay 
system responsive to arc frequencies in connection with 
high-resistance ground fault. Although many problems 
remain to be solved, the studies being made in various 
quarters hold promise that an adequate relay system for 
the detection of these troublesome faults eventually will 
be developed. 


HIGH-SPEED RECLOSING 


High-speed-reclosing relays have been developed for the 
protection of distribution circuits which, together with in- 
stantaneous tripping, permit clearing of temporary faults 
before the branch fuses blow and the re-energization of the 
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circuit with a total outage time of less than a second. 

The reclosing systems also provide that the instanta- 
neous tripping will not be in service on delayed reclosures, 
so that if the short circuit is of a permanent nature the 
branch fuses will limit the interruption to a single section. 
As a result, almost as good service can be provided with 
relatively inexpensive fuses as would be obtained by the 
installation of oil circuit breakers and control equipment 
at each branch sectionalizing point. 

The use of pilot wire or carrier current relaying insures 
simultaneous opening of the breakers at each end of a tie 
line so that there is no danger of either breaker reclosing 
before the arc has been de-energized. This scheme of pro- 
tection and reclosing may make a high-voltage transmis- 
sion line so reliable as to make unnecessary or to defer the 
construction of an additional transmission line. 


BIBLIOGRAPHY 


No references have been cited in this summary of trends 
in relaying during the past ten years, because a ‘“‘Bibliog- 
raphy of Relay Literature, 1927-1939” has been prepared 
by the relay subcommittee of the AIEE committee on 
protective devices and issued as a special Institute publi- 
cation.* 


1. SENSITIVE GROUND PROTECTION FOR RADIAL DISTRIBUTION FEEDERS, L. F. 
Hunt and J. H. Vivian. AIEE Transactions, volume 59, 1940 (February 
section), pages 84-90. 

* Copies of the ‘‘Bibliography of Relay Literature,”” published July 1941, may 
be obtained from AIEE headquarters, 33 West 39th Street, New York, N. Y., 
at a cost of 25 cents per copy to Institute members or 50 cents to nonmembers, 


Condenser 


20,000-Kva Synchronous 


Photo courtesy General Electric 


Recently installed at the Denver terminal of the Public 
Service Company of Colorado, this 13,800-volt synchronous 
condenser is hydrogen-cooled, and operates at 900 rpm 
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Contents of December 1941 Supplement 


SuprLemen TING the technical papers 
that have been preprinted from the 1941 
volume of AIEE Transactions in the 
monthly TRANSACTIONS sections of ELEC. 
TRICAL ENGINEERING for July to December 
inclusive, a December 1941 ‘Supplement to 
ELECTRICAL ENGINEERING—TRANSACTIONS 
Section” is being issued. This is the second 
supplement to be issued in 1941, the first 
being the June 1941 supplement. Both rep- 
resent the operation of the improved pub- 
lication procedure adopted at the 1940 
ATIEE summer convention (EE, Aug. '40, 
pb. 331-2). 

The December 1941 supplement will con- 
tain 32 technical papers and all discussions 
of these papers and of the papers preprinted 
in the July-December monthly sections. 
This supplement, like that of June 1941, 
will be greatly oversize in order to complete 
the transition from the previous publication 
procedure within the current year. Under 
the present procedure, all papers presented 
during a calendar year will be contained in 
the annual volume for that year and pre- 
printed in the monthly sections and semi- 
annual supplements. 

Copies of the December 1941 supplement 
will be mailed when ready to those who 
entered advance orders. Others may obtain 
copies at 50 cents each ($1.00 each outside 
the United States and possessions) from the 
AIEE order department, 33 West 39th 
Street, New York, N. Y., as long as the 
limited supply lasts. 

Abstracts of the papers in the current sup- 
plement have appeared in the news pages 
of ELECTRICAL ENGINEERING, where they 
were published in advance of the meetings 
and conventions at which the papers were 
presented, in accordance with the provisions 
of the current publication policy. Papers 
appearing in the December 1941 supple- 
ment, with references to their abstracts, are: 


Basic Sciences 


41-103—A Short Method for Evaluating 
Determinants and Solving Systems of 
Linear Equations With Real or Complex 
Coefficients; Prescott D. Crout (M’41). 
May 1941, page 230. 


41-105—Diode-Rectifying Circuits With Ca- 
pacitance Filters; D. L. Waidelich (A’39). 
June 1941, page 290. 


41-107—Analytical Methods of Solving 
Discrete Nonlinear Problems in Electrical 
Engineering; E. G. Keller (M’40). June 
1941, page 290. 


Communication 


41-20—Basic Principles of the Varioplex 
Telegraph; Philo Holcomb, Jr. (M41). 
January 1941, page 35. 
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41-42—Television Transmission Over Wire 
Lines; M. E. Strieby (F’41) and J. F. 
Wentz (A’24). January 1941, page 35. 


41-47—Rural Automatic Telephone Net- 
works; C. F. Ffolliott (M’38). January 
1941, page 35. 


Electrical Machinery 


41-84—Methods of Determining Natural 
Frequencies in Coils and Windings; L. V. 
Bewley (M’37), J. H. Hagenguth (A’28), 
and F, R. Jackson, Jr.(A’40). April 1941, 
page 180. 


41-85—Surge Characteristics of'Two-Wind- 
ing Transformers; Reinhold Ridenberg 
(M’38). April 1941, page 180. 


41-126—Transient Torques in Squirrel- 
Cage Induction Motors, With Special 
Reference to Plugging; EZ. S. Gilfillan, Jr., 
and Edward Kaplan. June 1941, page 290. 


41-139—Self-Excitation of Induction Mo- 
tors With Series Capacitors; C. F. Wagner 
(F’40). August 1941, page 406. 


41-167—Alcoa Rectifier Installation; J. E. 
Housley (M’39) and H. Winograd (M’39). 
November 1941, page 553. 


Electronics 


41-50—A Thyratron Circuit for Theater 
Lighting; Carl R. Wischmeyer (A’40). 
January 1941, page 36. 


Industrial Power Applications 


41-67—Short-Circuit Calculating Procedure 
for Low-Voltage A-C Systems; A. G. 
Darling. January 1941, page 37. 


Instruments and Measurements 


41-119—Power Circuit Instruments for the 
Higher Range of Audio Frequencies; 
L. J. Lunas (M’36) and Paul MacGahan 
(M15), June 1941, page 292. 


Land Transportation 

41-101—Electric Locomotive Application; 
E. W. Brandenstein (M’37) and D. R. 
MacLeod (A’33). May 1941, page 230-1. 
Power Transmission and Distribution 


41-26—Powerton-Crawford 220-Kv Line; 
System Operating Features and Terminal 
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Design; H. E. Wulfing (M’23) and T. G. 
LeClair (F’40). January 1941, page 39. 


41-57—Powerton-Crawford 220-Kv Line; 
Design and Construction Features; M. S. 
Oldacre (A’13) and F. O. Wollaston (A’27). 
January 1941, page 40. 


41-73—Stability Limitations of Long-Dis- 
tance A-C Power Transmission Systems; 
Edith Clarke (M’33) and S. B. Crary (M’37). 
January 1941, page 39. 


41-74—-System Lower Harmonic Voltages 
—Methods of Calculation and Control by 
Capacitors; W. C. Feaster and E. L. Harder 
(M’41). January 1941, page 40. 


41-95—The 220,000-Volt System of the 
Hydro-Electric Power Commission of On- 
tario—I; A. H. Frampton (M’28) and 
E. M. Wood (M’35). May 1941, page 231. 


41-97—Measurement and Control of Con- 
ductor Vibration; Gordon B. Tebo (A’36). 
May 1941, page 231. 


41-141—Lightning Strokes in Field and 
Laboratory—III; P. L. Bellaschi (F’40). 
August 1941, page 407. 


41-148—An Analysis of Transient and Sus- 
tained Voltages in Ground-Fault Neutralizer 
Systems; S. B. Farnham (A’36), E. M. 
Hunter (M’36), and H. A. Peterson (M41). 
August 1941, page 407. 


41-165—Tennessee Valley Authority Hy- 
droelectric Stations—Electrical Design; 
Raymond A. Hopkins (M’19). November 
1941, page 553. 


41-166—Operation of Load-Ratio-Control 
Transformers Operating in Parallel and in 
Networks; F. M. Starr (M’37). Novem- 
ber 1941, page 553. 


Production and Application of Light 


41-123—The Incandescent Lamp Situation 
From the Engineering Point of View; 
Preston S. Millar (M’13). June 1941, page 292. 


Protective Devices 


41-65—Prolonged Inrush Currents With 
Parallel Transformers Affect Differential 
Relaying; C. D. Hayward (M’41). Janu- 
ary 1941, page 41. 


41-100—Field Investigations of Lightning; 
C. F. Wagner ( F’40), G. D. McCann (A’38), 
and Edward Beck (M’35). May 1941, page 
231. 


41-122—D-C Machine Flashover and Bus 
Short Circuit Protection; 7. B. Mont- 
gomery (M’41) and J. F. Sellers (A’34). 
June 1941, page 293. 
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41-128—Protection of Low-Voltage Circuits 
by Air Circuit Breakers in Cascade Ar- 
rangement; A. EL. Anderson (F’40) and 
C. H, Black(A’41). June 1941, page 293. 


41-135—New Current Transformer for 
Bus Differential Protection; L. F. Kennedy 
(739) and A. T. Sinks (A’36). June 
1941, pages 292-3. 


Safety 


41-7—Electric Shock; C. F. Dalziel (M’39), 
Doctor John B. Lagen, and J. L. Thurston. 
January 1941, page 41. 


Winter Convention Program 
to Reflect Concern With Defense 


Tentative arrangements for the winter 
eonvention, which will be held in New York, 
N. Y., January 26-30, 1942, with head- 
quarters in the Engineering Societies Build- 
ing, indicate that a timely program of broad 
imterest is being developed. Preliminary 
plans provide for a general session, 18 tech- 
nical sessions, and several conferences, to be 
held during the mornings and afternoons, 
while the evenings will be taken up with a 
smoker, Edison Medal presentation, and a 


dinner-dance. Special entertainment for 
women guests will be arranged by the 
women’s entertainment committee, under 
the chairmanship of Mrs. G. S. Rose. 

Among the 18 technical sessions, several 
will reflect the part being taken by different 
branches of the profession in national de- 
fense. The educational session will have 
papers dealing with the changes in engi- 
neering curricula and advanced training 
in the graduate field to meet the needs of 
the emergency. A symposium on electric 
power distribution systems in the current 
national defense program will present the 
steps being taken by several operating 
companies. Another symposium on asyn- 
chronous machines, which will treat the 
precise speed control of these large motors 
with variable-speed drive, represents the 
research and development angle. Other 
sessions of broad popular interest will deal 
with the subjects of lightning investiga- 
tions in the field and distribution switching 
and relaying. 

The general session will be devoted to a 
topic of timely importance designed to inter- 
est as many members as possible. 

The members of the 1942 winter conven- 
tion committee are as follows: 


D. A. Quarles, chairman; J. W. Barker, T. F. 
Barton, G. E. Dean, E. E. Dorting, J. F. Fair- 
man, L. C. Miller, D. H. Moore, J. H. Pilkington, 
C. S. Purnell, and W. W. Truran. Chairmen of 


1 P= death, on August 14, 1941, of 
Bancroft Gherardi removed from the 
membership of the Institute its 40th 
president and a leading pioneer in the 
development of electrical communica- 
tion, with a career of more than 40 
years in that field. 

Doctor Gherardi received the degree 
of bachelor of science from the Poly- 
technic Institute of 
Brooklyn in 1891, the 
degree of mechanical 
engineer from Cornell 
University in 1893, 
and the master’s de- 
gree in mechanical 
engineering from that 
university in 1894. 
He received the hon- 
orary degree of doc- 
tor of engineering 
from the Polytechnic 
Institute of Brook- 
lyn, 1933, and from 
the Worcester Poly- 
technic Institute, 
1936. 

In 1895, he was 
employed by the 
Metropolitan Tele- 
phone and Telegraph 
Company. He was 
engineer of the traffic department 
1900-01, and was transferred to the 
position of chief engineer of the New 
York and New Jersey Telephone Com- 
pany in 1901. In 1906, he returned to 
New York as assistant chief engineer of 
the New York Telephone and Tele- 
graph Company and the New Jersey 
Telephone Company. He was ap- 
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BANCROFT GHERARDI 


pointed engineer of plant of the 
American Telephone and Telegraph 
Company in 1907, became acting chief 
engineer in 1918, and chief engineer in 
1919. From 1920 until his retirement 
in 1938, he was vice-president and 
chief engineer. 

He joined the Institute in 1895, and 
was transferred in 1904 to the grade of 
Member and in 1912 
to the grade of Fel- 
low. He served on 
many AIEE commit- 
tees, and represented 
it on various joint 
organizations. He 
was a manager 1905-— 
08, and 1914-17, 
vice-president 1908- 
10, and _ president 
1927-28. 

RESOLVED: That 
the board of directors 
of the American In- 
stitute of Electrical 
Engineers, upon be- 
half of the member- 
ship, hereby expresses 
sincere appreciation 
of Doctor Gherardi’s 
numerous contribu- 
tions, during his 
membership of 46 years, to the de- 
velopment of Institute activities, and 
deepest regret at his death, and be it 
further 

RESOLVED: That these resolutions 
be entered in the minutes and trans- 
mitted to the members of Doctor 
Gherardi’s family. 

—AIEE Board of Directors, October 94, 1941 
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subcommittees: S. B. Graham, dinner-dance; J. E. 
McCormack, smoker; R. F. Brower, inspection 
trips; and Mrs. G. S. Rose, women's entertainment. 


Board of Directors Meets 


The regular meeting of the board of di- 
rectors of the American Institute of Elec- 
trical Engineers was held at Institute head- 
quarters, New York, on October 24, 1941. 

A budget for the appropriation year be- 
ginning October 1, 1941, was adopted as 
recommended by the finance committee. 

Upon invitation of the Vancouver Section 
and the District officers concerned, authori- 
zation was given to hold the 1942 Pacific 
Coast convention of the Institute in Van- 
couver, B. C., September 9-11. A joint 
conference on student activities of Districts 
8 and 9 and the University of British 
Columbia Branch was authorized to be held 
in Vancouver during the 1942 Pacific Coast 
convention. 

Approval was given to the dates, April 
29 to May 1, 1942, for the North Eastern 
District meeting previously authorized to be 
held in Schenectady, N. Y. 

Upon recommendation of the executive 
committee of the North Eastern District 
and the Sections committee of the Institute, 
the board authorized the following assign- 
ment of territory in that District to Sections 
in New York State and New England: 


State of New York 


St. Lawrence County assigned to the Syracuse 
Section 


Franklin and Clinton Counties assigned to the 
Schenectady Section 
State of Vermont 


Addison, Chittenden, LaMoille, Franklin, and 
Grand Island Counties assigned to the Pittsfield 
Section 


Washington, Orange, Caledonia, Essex, and 
Orleans Counties assigned to the Springfield Section 
State of New Hampshire 


Grafton County assigned to the Worcester Section, 
Coos and Carroll Counties assigned to the Boston 
Section. 


Upon recommendation of the standards 
committee, the board took the following 
actions: 

Approved a revision of the Standard for 
Railway Motors (AIEE Standard No. 11), 
developed by a sectional committee under 
the sole sponsorship of the AIEE and ap- 
proved by the AIEE committee on land 
transportation, and its transmittal to the 
American Standards Association for ap- 
proval as an American standard. 

Approved, for publication as an AIEE 
standard, a report on “‘Standards for Wet 
Tests,’’ developed by a special subcom- 
mittee. 

Approved the appointment of the follow- 
ing Institute representatives: 


C. H. Anderson, Sectional Committee on Defini- 
tions of Electrical Terms 


R. G. McCurdy, chairman, H. M. Turner member of 
AIEE delegation on Sectional Committee Z24, 
Acoustical Measurements and Terminology (the 
former succeeding P. L. Alger, who remains a mem- 
ber of the committee, and the latter succeeding 
Bassett Jones, resigned) 


Royce E. Johnson on Section Committees C70, C71, 
and C72—Domestie Electric Flatirons, Household 
Electric Ranges, and Electric Water Heaters, re- 
spectively. 


The following amendments to the Insti- 
tute bylaws were adopted, in order that they 
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Sec, 65—General Committees. 

mittees were deleted: 
_ Affecting the Engineering Profession’, ‘Committee 
on Economic Status of the Engineer”. 


_ Secs. 74 and 83 (pertaining to the two former com- 


The following com- 
“Committee on Legislation 


_ mittees mentioned above). Deleted. 


Sec. 92—John Fritz Medal. The words * 

“firs Be substituted for the words “the Scenics 
in October’’ in the second sentence, thus changing 
that sentence to read: ‘Each year the President, 

on October first, shall become a representative of 

5 the Institute on the Board of Award of the John 

; Fritz Medal, and the functions of the senior past 

_ president of the Institute on this Board shall then 

_ cease and determine.”’ 


_ In accordance with section 22 of the by- 

_ laws, five members of the board of directors 
were selected to serve as members of the 
national nominating committee, as follows: 


T. F. Barton, Mark Eldredge, F. Malcolm Farmer, 
T. G. LeClair, L. R. Mapes; Everett S. Lee and 
K. L. Hansen alternates. 


The following additional appointments 
were made: 


H. S. Osborne, an AIEE representative on the 
Standards Council of the American Standards As- 
sociation, three-year term beginning January 1, 
1942; H. E. Farrer, R. E. Hellmund, and E. B. 
Paxton alternates for 1942. 


John C. Parker, Institute representative on the 
Hoover Medal Board of Award, for term ending 
May 1943, succeeding Doctor William McClellan, 
resigned. 


A resolution in memory of Past President 
Bancroft Gherardi, who died on August 14, 
1941, was adopted (page 594). 

Other actions taken by the board in- 
cluded the following: 


Minutes of the meeting of the board of directors 
held on August 8, 1941, were approved. 


The following actions of the executive committee 
as of September 16, 1941, were reported and con- 
firmed: 5 applicants transferred to the grade of 
Fellow; 29 applicants transferred and 19 elected 
to the grade of Member; 57 applicants elected to 
the grade of Associate; 24 Students enrolled. 


Reports of meetings of the board of examiners held 
on September 11 and October 23, 1941, were pre- 
sented, and the recommendations adopted at those 
meetings were approved. Upon recommendation 
of the board of examiners, the following actions 
were taken: 9 applicants were elected to the grade 
ot Member; 42 applicants were elected to the grade 
of Associate; 585 Students were enrolled. 


Monthly expenditures were reported by the 
finance committee, and approved by the board, as 
follows: $21,144.46 in August; $24,940.28, 
September; $31,149.40, October. 


Those present were: 


President—David C. Prince, Schenectady, N. Y. 


Past Presidenis—F. Malcolm Farmer, New York, 
N. Y.; R. W. Sorensen, Pasadena, Calif. 


Vice-Presidents—J. W. Barker, New York, N. Y.; 
J. L. Hamilton, St. Louis, Mo.; K. L. Hansen, 
Milwaukee, Wis.; N.S. Hibshmaa, Bethlehem, Pa.; 
J. Elmer Housley, Alcoa, Tenn.; Everett S. Lee, 
Schenectady, N. Y.; C. A. Price, Hamilton, Ont.; 
Walter C. Smith, San Francisco, Calif. 


Directors—T. F. Barton, New York, N. Y.; M.S. 
Coover, Ames, Iowa; Mark Eldredge, Washington, 
D. C.; Lester R. Gamble, Spokane, Wash.; R. E. 
Hellmund, East Pittsburgh, Pa.; T. G. LeClair and 
L. R. Mapes, Chicago, Ill.; Fred R. Maxwell, Jr., 
Pensacola, Fla.; F. J. Meyer, Oklahoma City, 
Okla.; W. B. Morton, Philadelphia, Pa.; R. G. 
Warner, New Haven, Conn. 


National Treasurer—W. I. Slichter, Schenectady, 
NS? 


National Secretary—H. H. Henline, New York,N. Y. 
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Institute Finances as Reflected in 1941-42 Budget 


Ar its meeting held on October 24, 1941, 
the board of directors received from the 
finance committee a report of the financial 
operations of the Institute for the appropri- 
ation year which ended September 30, 1941, 
and a recommended budget of income and 
expenditures for the ensuing year, which 
was adopted without change. This infor- 
mation is now presented to the membership 
in the form of a tabulation, with comparable 
figures for last year and with brief notes 
regarding those items which deserve special 
mention. 

An increase over last year of 12 per cent 
in the page content of the TRANSACTIONS 


section of ELEcTRIcCAL ENGINEERING, & 
similar increase in the amount of technical 
material to be published in advance-copy 
form for use at national and District meet- 
ings, one more District meeting than held 
last year, maximum financial support te 
Institute Sections under the existing by- 
laws, increased mileage allowance to dele- 
gates because of greater traveling distances 
to certain meeting places already announced, 
the restoration of funds for all national 
prizes, the addition to headquarters’ staff of 
two persons who will serve in a junior clerical 
capacity, salary increases totaling $1,500 
and affecting nine members of the staff—all 


Institute Income and Expenses for the Year Ending September 30, 1941, and Budget for Year 
Ending September 30, 1942 


Actual Income Budget for ActualIncome Budget for 
and Expenses, Year and Expenses, Year 
Year Ending Ending Year Ending Ending 
9-30-41 9-30-42 9-30-41 9-30-42 
Income Past presidents and 
GieLr . other AIEE rep- 
mabe he te = S ater ae Be vce POSEN ALL VED falere| eveloaicie. ousatenet sheasrasele 500.06 
Fteanccund tennter as 6 ah tts x : Administration: 
ntrance and transfer Cieniaderiers calae 
TORS So ca cerateierste'ai'ei 9,412.73.... 8,000.00 : 
Riieeon 4978859 50 000.00 TICS ste ere hotest 36,273.67.... 38,585.06 
Gh ae ee Postage....... .-.  4,381.46.... 4,500.00 
mem. subscriptions. 13,277.52.... 10,000.00 reo: hididge kant s Vee 
TRANS. subscriptions. 6,875.58.... 6,500.00 Office equipment, . 443.93... 1,000.00 
Miscellaneous sales. . 21,213.46.... 20,000.00 Fea expense bank 
Interest on securities . 6,472 .02.... 5,500.00 charges, insur- 
ance, misc. sup- 
ae SS sane ae ay ie $337,942.95. . . .$337,000.00 secant eects a bor Ot. Pe aatie 
eu Paper prizedae a ws 55805...) 850.00 
Expenses ’ Joint activities: 
eae American Engineer- 7 
Publications: ing Council..... 2,075.00 
Text matter (ELEc. A Amer. Co-ord. Com. 
Encc. & TRANS.) 83,094.86....$ 82,410.00 Corrosion....... 2500 ae 25.00 
TRANS. SUPPLEMENT 2,125.01.... 1,700.00 American Standards 
PREPLANtS 5,5 occ ois:2 os 7,369.40.... 9,000.00 Association..... 1,500.00 1,500.00 
Advertising section— ECPD Ve tet: 850.00 1,700.00 
Evec. ENGG..... 22,477.83.... 23,450.00 Engg. Foundation 
Year HOOK. hsaie5 6,965.73.... 7,250.00 research proj- 
Miscellaneous’ ex- ects: 
ie ee ee T2G 07 een 1,500.00 Impregnated pa- 
Institute meetings... 13,485.24.... 15,150.00 per insulation 250.00.... 250.00 
Institute Sections: Insulating oils 
Appropriations.... 26,576.71.... 28,500.00 and cable satu- 
Other expenses.... 5,856.41... 6,050.00 tantstsee see. B50 O00 250.00 
Institute Branches: 00 Welding........ 250) 00snee 250.00 
Meetings expenses. 1046.04 555% 1,200.00 Engg. Soc. Personnel 
Other expenses....  2,320.58.... 2,700.00 Service,Inc.....  1,245.45.... 1,200.00 
Committees: Engg. Soc. Library. 10,072.10.... 10,260.00 
Code of prin. prof. John Fritz Medal. . 50 00 na ats 50.00 
COHOUGE cma vcvdeGl ane cs lees 50.00 N.F PAS Dues: 5.5 60,00)... 60.00 
Edison Medal..... 159-S6;Si000 170.00 United Engg. Trus- 
WARAHCE.. .cin018 os 7468) 775.00 tees building as- 
Headquarters..... 183.48.... 250.00 sessment....... 10,984.81.... 10,985.00 
Lamme Medal.... LSU SO stare 185.00 U. S. Natl. Com. 
Membership...... B70. LS ahokeis 9,240.40 DACoee Mees ata he S00N00 =. os 300.00 
Penis HUG 5 Fe sc epee ose o eee ous 500.00 Miscellaneous print- 
Radio broadcasts. . 504.06.... (see text) ane Tete ta. nace ae ie spre 6,000.00 
TRESCATPUE oe he aise tie roo oodles svne 150.00 Authors’ reprints. . 3,902.28 
Standards. ....... 8,189.74 10,075.00 Reprints of stand- 
Technical commit- ALAS aeiadrchnrtis 1,780.75 
LECGET te how ee Ke:6 349.70.... 500.00 Miscellaneous..... 1,082.56 
Traveling Expenses: Other expenses: 
“(oa sist exec. Membership badges 252007 7S. tas 2,400.00 
committees..... 3,091.94 4,000.00 Legal services..... 2507 00ly ee 250.00 
Section delegates to Pension Fund Re- 
summer oe Ae 5,624.96.... 5,250.00 GEUV EI i caicle certs aa 5,000.00 8,000.00 
Counselor delegates Prepaid ELec. 
to summer conv.. 892.94.... 750.00 ENGG. expenses 
Dist. secys. to sum- (text paper and 
WICE COBV ss o.<.5:0,'s 393.56.... 750.00 env.instorage).. 4,181.22 
District Student Depreciation Re- 
conferences..... 7,093.63 9,500.00 serve Fund..... 69.89 
President’s appro- Unappropriated: 
PLiatlOsieieie ys sielers 960.44.... 1,000.00 Reserved for con- 
Vice-presidents.... BOT Olen ere 1,000.00 tingencies and ad- 
Board of directors. . 6:308,, 735... « 8,000.00 CUtOMAl ters safety nia ett retaseiele 7,180.00 
ional nominat- 
eee el aeere WOLSG 22: s.res 1,100.00 TROCAl he aisvsdeselsrocedatet> $314,786.77... . $337,000.00 
*Actual amount available $86,591, including prepaid expenses. 
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Future AIEE Meetings 


Southern District Meeting 
New Orleans, La., December 3-5, 1941 


Winter Convention 
New York, N. Y., January 26-30, 1942 


North Eastern District Meeting 
Schenectady, N. Y., April 29-May 1, 1942 


Summer Convention 
Chicago, IIl., June 22-26, 1942 


Pacific Coast Convention 
Vancouver, B. C., September 9-11, 1942 


these are provided for in the budget of ex- 
penditures. In addition, the annual ap- 
propriation for the proposed pension plan 
is increased from $5,000 to $8,000 to cover a 
preliminary estimate of the maximum prob- 
able amount of the annual accruing liability 
tothe pensionfund. The policy inaugurated 
last year of allowing for contingencies and 
probable additional items is continued, the 
budget including an unappropriated item 
of $7,180, from which the board subse- 
quently appropriated $500 for radiobroad- 
casts to be sponsored by several of the 
engineering societies, and $200 toward the 
expenses of the Engineers Defense Board. 

The increase of income necessary to carry 
this increased program comes principally 
through the larger membership of the Insti- 
tute. The estimated income for the present 
fiscal year is practically the same as the 
actual income for the year which has just 
closed. This is because further increases 
resulting from continued increase in mem- 
bership of the Institute during the current 
year are expected to be largely offset by 
losses in dues revenue from members now 
enrolled in military service, from overseas 
members, and from overseas subscriptions 
to Institute publications. Losses of this 
nature, which were not large in the last 
fiscal year, are expected to be considerably 
greater this year because of the increasing 
effect of war conditions. 

The July issue of ELECTRICAL ENGINEER- 
ING carried in the news section (pages 
336-50) the complete report of the Institute 
board of directors for the fiscal year ending 
on April 30, 1941, together with financial 
statements for the corresponding period. In 
this report will be found a comprehensive 
statement covering all activities of the 
organization, making it unnecessary to re- 
peat at this time the details underlying ap- 
propriations for the principal activities. 
Should further information be desired, this 
can be obtained upon correspondence with 
Institute headquarters. 


Dielectric Strength of Oil 
for Circuit Breaker Tests Approved 


electric Strength of Oil for High-Voltage 
Testing of Oil Circuit Breakers,” H. J. 
Lingal, W. F. Skeats, and H. D. Braley, 
AIEE TRANSACTIONS, volume 60, 1941 
(September section) pages 903-06.] At its 
meeting of September 25 in Cleveland, Ohio, 
the committee on protective devices ap- 
proved the recommendation of the working 
group (subcommittee on circuit breakers, 
switches, and fuses) for the use of oil having 
a dielectric strength of not less than 22 kv 
(measured under standard test conditions) 
in making impulse and 60-cycle tests. 

The recommendation was made after 
considering the subcommittee’s report, 
which described impulse tests on oils of dif- 
ferent 60-cycle dielectric strength in both 
sample test gaps and full-size standard 
circuit breakers. The report showed that 
the impulse tests of oil circuit breakers were 
not appreciably changed by the presence of 
carbon and water in the oil. In some tests 
the impulse voltages required to break down 
the oil were higher for oils containing carbon 
and water than for new clean oil. 


New Fault-Current-Calculating 
Procedure Recommended to Industry 


A proposed new procedure for the calcu- 
lation of short-circuit currents has been 
embodied in a report prepared under the 
auspices of the AIEE committee on pro- 
tective devices, presented at the 1941 sum- 
mer convention at Toronto, Ont., June 
16-20, and published in the AIEE TRans- 
ACTIONS, volume 60, 1941 (September sec- 


tion), pages 877-81. (Discussion of the 
report, also of interest, will appear in the 
1941 TRANSACTIONS and in the December 
1941 Supplement to Electrical Engineering 
—Transactions Section:) The committee 
urges the electrical industry to apply the 
new method and compare it with methods 
previously in use. Comments or suggestions 
will be welcomed, and should be sent to 
J. R. North, chairman, AIEE committee on 
protective devices, 212 West Michigan 
Avenue, Jackson, Mich., before May 31, 
1942, 

The precise determination of short-cir- 
cuit currents involves a calculation so 
laborious as to be wholly impractical. Thus, 
some approximation is required, and a de- 
gree of judgment must be applied in any 
method proposed. The new method is 
based upon the determination of an initial 
value of rms symmetrical current with which 
multiplying factors are used for application 
purposes. It is proposed that this method 
be used where applicable, in place of the 
present method which involves the use of 
decrement curves. It is believed that the 
procedure is sufficiently accurate to serve 
as a reliable basis for the application of 
interrupting devices and for a preliminary 
setting for relays. 

In the determination of this current, 
symbols are involved which have the follow- 
ing significance: 


E=\leg voltage 
X,=direct axis reactance, either transient or 
subtransient as specified, in ohms/leg 
Xo=zero-sequence reactance 
Ro =zero-sequence resistance 


Table 1. Circuit Breakers, Protection Tubes, and Fuses 
Reactance Quantity for Use'in X: 
Multi- 
plying Synchronous Synchronous’ Induction 
Factor Generator Motor Machine 
A. Circuit-Breaker Interrupting Capacity 
1. General case 
Eight-cyclebreaker sc vs.creisis tos siete 'eieterete euateiater nce eistaievere 120 
Five-cycle*breakerS. fcc ane acaevnale-ale scale wislerc\ aretiaroletee.s 1 WAS : : 
Three-cycle breaker..c.iececss cclneos one ce sicieeie hietoe 2 ae -Subtransient. . Transient 
Two-cycle breaker: svystee sis cioeeis/octalele © slsiaieteaherus'eieis:e 1.4 
2. Short circuits fed predominantly by large ma- 
chines at the point of fault may be increased up to 20 
per cent 
3. Air circuit breakers rated 600 volts and less........ 1.25 ..,Subtransient. .Subtransient..Subtransient 
B. Mechanical Stresses and Momentary Rating of Circuit Breakers 
Dre General (Case fovcjorstsserre siavaie Sie lsiaysle are cate meeieieisie 1.6 
2. At 5,000 volts and below, unless current is fed ‘ * . 
Dredotaipantlynye ditectiy Cousented ee nebeotedn ...Subtransient, .Subtransient..Subtransient 
machines or through reactors seciesenmine se eeicsies seni 1.4 
C. Protector Tubes 
ioe Maxim tiimivattn guejeisctcteleiersinia ote erecta: 
2. Minimum rating—use minimum system ca- ..1,0 ...Subtransient..Subtransient..S i 
pacity and minimum of E/X) or 3£/(2X1+X) Cone a 
D. Fuses 
L.., oGenerallicase vic. suisse coe sent oie cates 1.6 
2. At 15,000 volts or below with interrupting ratings .. .Subtransient..Subtransient. .Subtransient 
not exceeding 3/000 amperes... nc rie cen sess ca cen 1.2 


. Table Il. Relays 

For some time a working group of the —— Se — 
AIEE committee on protective devices has 
been actively studying the subject of the di- paeoamere eb AUST PES 

. . e =. = 
electric strength of oil for use when making Multiplying Synchronous Synchronous Induction 
impulse and low-frequency tests on oil cir- Factor Generator Motor Machine 
cuit breakers. Theresults of thisstudy were,©©_—<=-—-—-————— A eesSsssssssssssSSSsSsS 
presented in a report at the 1941 AIEE 1. High-speed current actuated 1.0 S) i 
igh-speed current actuated....... SO peectetey sine ubtran Bnoiats.c i i 

summer convention, Toronto, Ont. [“Di- 2.) -Lime-overcurrent se eee LURE ee ss sei iehaaccee oeiataoin aie Ssgeh yan age an tlce sale 
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a 
» 
i 


The three-phase short-circuit current is = 
1" e . . . . : 
: The line-to-line short-circuit current is 


 V3E 


Xax Since X: is always at least equal 


to X, this quantity never exceeds 86 per 
cent of the three-phase short-circuit current 
and consequently may be neglected. 

: eye eroond short-circuit current is 
XitX4N0 Since X_ is usually approxi- 


mately equal to Xi, this expression is often 


} 38E 
‘Shortened to aX, +Xe In practical cases, 


regardless of the value X2, this last expres- 

sion also gives a satisfactory value for the 
current available from a double line-to- 
ground fault. 


{ PROCEDURE 

The following procedure gives a résumé of 
the various multiplying factors to be used 
with currents calculated by the formulas 
just stated, and Tables I and II show 
what reactance quantity should be used 
for representing the machines in the posi- 
tive-sequence network. 


Circuit Breakers, Protector Tubes, and 
Fuses. Determine “highest value of rms 
symmetrical current for any type of fault” 
b 1 3E 

ox aX +h 
cept that when Rp is greater than 5X; no 
consideration need be given to the latter 
term. 


Basis for Preliminary Relay Settings. Two 
conditions should be determined for each 
class: 


, whichever is greater, ex- 


1. Maximum connected synchronous ca- 
pacity and ‘‘the maximum initial sym- 


3 : E 
metrical current’ determined by =~ or 


Xi 
oa hich i h 
OX, 4X, whichever is greater, except that 
when Rp is greater than 5X; no considera- 
tion need be given to the latter term. 


2. Minimum connected synchronous ca- 
pacity and “‘the minimum symmetrical cur- 


‘ 0.866E 3E 
rent” determined by a ae 2X,4Xo, 
1 1 , 


whichever is the smaller. Consideration 
should be given in particular situations to 
remote fault locations and fault resistance. 


Report on the Metering Art 
to Be Issued as Pamphlet 


The report on “Progress in the Art of 
Metering Electric Energy’ sponsored by the 
Institute’s committee on instruments and 
measurements, now being published serially 
in ELECTRICAL ENGINEERING and of which 
the concluding article appears in this issue, 
is being reprinted in pamphlet form in re- 
sponse to a demand for such a booklet. 

A carefully prepared history of the meter- 
ing art, the report contains four parts: I. 
Origins, covering invention and pioneering 
development before 1900, with particular 
attention to the men responsible (EE, 
Sept. 41, p. 421-7); II. Growth and De- 
velopment, outlining progress in the art 
from 1900 to the present, in improved meth- 
ods and adaptations to modern production 
trends (EE, Oct. ’41, p. 469-78); III. 
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Special Applications, showing how the basic 
energy-metering unit has been modified for 
use with three-wire and polyphase circuits 
and describing the development of demand 
meters (EE, Nov. ’41, p. 540-6); and IV. 
Calibration and Installation of Watt-Hour 
Meters (p. 581-6). An appendix to the series 
(p. 587-9) lists sources of material, not only 
books and magazine articles, but museums 
and collections, and includes a tabulation of 
significant meter patents. Believed to be 
the first historical survey of this type on the 
subject of metering, the report not only has 
great value and significance for all those 
interested in meters, but also constitutes an 
important chapter in the yet-unwritten his- 
tory of the electrical industry. 

Copies of the pamphlet ‘Progress in the 
Art of Metering Electric Energy’? may be 
obtained from the AIEE order department, 
33 West 39th Street, New York, N. Y. 
Prices are 25 cents per copy to AIEE mem- 
bers; 50 cents per copy to nonmembers; 
special prices will be quoted on quantity 
orders. 


District eo e@© e@ ®@ 


District 7 Announces 1940 Prizes 


The AIEE South West District (7) has 
announced District prize awards for student 
papers presented during the academic year 
ending June 30, 1940. Other District prizes 
for 1940 papers were announced in ELEc- 
TRICAL ENGINEERING, July 1941, page 351, 
and September 1941, page 428. 


District 7 

Prize for Branch paper was awarded to Robert P. 
Watson (Enrolled Student) for his paper ‘‘Elec- 
tronic Visualization of Magnetic Fields,” presented 
at the South West District Branch conference, 
April 19-20, 1940, Lubbock, Tex. Honorable 
mention for Branch paper was given to Leroy W. 
Evans and Raymond E. Glass (Enrolled Student) 
for their paper ‘‘The Study of the Accumulation of 
High-Potential Static Charges by Wind-Tunnel 
Method,” and to Max H. Mesner for his paper 
“The Voltage Quadrupler,” presented at the same 
Branch conference. 


Prize for graduate student paper was awarded to 
Luther E. Johnson (A’41) for his paper ‘“‘A Con- 
sideration of Some Possibilities for Electrical Engi- 
neering in Ordinary Land Surveying,” also pre- 
sented at the South West District Branch con- 
ference, April 19-20, 1940, Lubbock, Tex. Honor- 
able mention for graduate student paper was given 
to LeRoy C. Tillotson (A’39) for his paper ‘‘An 
Analysis of the Single-Phase Full-Wave Gas Recti- 
fier Loaded with a Choke Input Filter,” presented 
at the same Branch conference. 


Section eee ® 


Leland Olds Addresses 
Joint Washington-Maryland Meeting 


Reported as one of the most heavily at- 
tended AIFE Section meetings to be held in 
Washington, D. C., was the joint meeting of 
the Maryland and Washington Sections 
held November 17 in the auditorium of the 
Potomac Electric Power Company. Some 
300 persons, about 100 of them from the 
Maryland Section, brought out “S.R.O.” 
signs, according to reports. Some 160 of 
those attending also attended a dinner in 
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honor of the speaker held in advance of the 
meeting. 

Chairman Leland Olds of the Federal 
Power Commission, vice-chairman of the 
National Power Policy Committee, ad- 
dressed the joint gathering on the subject 
“Power for National Defense.” Mr. Olds 
discussed in some detail the present power 
situation, with special reference to the funda- 
mental importance of adequate electric 
power to the whole national defense pro- 
gram. He discussed the relation of ex- 
pected power demand to available power 
supply, and outlined the steps that are being 
taken to minimize any shortage in any area. 

It seems probable that Chairman Olds 
discussed a good many of the points that will 
be treated in an article ‘Power System De- 
velopment on a National Scale,” prepared 
by Thomas R. Tate, director, National 
Defense Power Staff, Federal Power Com- 
mission, for the forthcoming January issue 
of ELecrricaAL ENGINEERING. 


Sections Committee Urges 
Action on National Problems 


The following letter, sent by the chair-. 
man of the AIEE Sections committee to all 
Institute vice-presidents, District secre- 
taries, and chairmen of Sections, is here 
presented because it is believed by the Sec- 
tions committee to be of interest and sig- 
nificance to the membership at large: 


To All Vice-Presidents, District Secretaries, 
and Section Chairmen: 


America must not lose its moorings. 

Right now America is making a huge ef- 
fort toward total National Defense. 

Its first line of defense is the American 
home and all that it does or should repre- 
sent. 

Its second line of defense is its vast sys- 
tem of industries and supply of raw mate- 
rials. 

Its third line of defense is national unity. 

Those represent preparations for war. 

They have been in the process of formula- 
tion for years. 

Now is the time to prepare for the repercus- 
sions of peace. 

Emotions must be stabilized by some 
sound thinking. 

Our national spiritual foundation must be 
reinforced. 

Much of the old unrestricted enterprise is 
gone. 

America must face realistically such 
restrictive regulation as may be needed 
and exert every influence in the conduct of 
business to prevent overregulation. 

America has the greatest industrial plant 
in history. It has enormous funds. It has 
adequate man power and brains. These 
must be utilized to relieve the shock of peace. 

Engineers have been held responsible 
for the recent economic upheaval. 

Now the whole world has turned to them 
pleading for rescue from chaos. 

Here is unparalleled opportunity calling 
for the right kind of leadership supported by 
teamwork. 

America needs it more than at any time 
in its existence. 

Let us as engineers be quick to seize this 
challenge. 

Freedom of religion must be preserved. 


597 


Freedom of education must be preserved. 

Freedom of speech must be preserved. 

Freedom of the press must be preserved. 

Freedom of enterprise consistent with 
social welfare must be preserved. 

Freedom to choose and to change repre- 
sentation in government must be preserved. 

Plants and employees must be kept busy 
producing new products and more products 
for more people at less cost. 

The preservation of all of these freedoms 
is fundamental to the continuance of the 
American way of life. 

The American way of life provides a 
large measure of individual opportunity, 
but it requires in return individual responsi- 
bility to society as a whole. 

Attention has been directed to some of the 
major problems of the present and future by 
Charles E. Wilson (ELECTRICAL ENGINEER- 
ING, March 1941), by Howard Coonley 
(ELECTRICAL ENGINEERING, July 1941), by 
AIEE President D. C. Prince (General 
Electric Review, July 1941), and by many 
others. 

Electrical engineers are among the recog- 
nized leaders in our nation. 

Your Institute officers urge you to pre- 


serve and to strengthen that position of 


leadership. 

There is capable leadership in every 
Institute Section. Put it to work. Give it 
your support. 

Your Institute officers urge upon each 
Section: 


1. That it will try to develop an increasing sense of 
professional conscientiousness and a measure of 
obligation to assume distinctive, constructive 
leadership in the problems of human relations, 
community interests, and public relations in the 
local area. 


2. That it will assist in determining the read- 
justments that must be made, then work with a will 
before it is too late. In many instances members 
may have the opportunity to work with the local 
engineering council which, in turn, can co-operate 
with the local chamber of commerce and other civic 
bodies. 


3. That it will undertake a program of voca- 
tional education, especially co-operating with the 
high schools and the colleges in which this new 
challenge to the engineering profession will be 
injected. 


4. That it will make this broad effort objective 
number one by devoting an early meeting at which 
this next national job may be presented and dis- 
cussed. 


5. That it will appoint one or more of its members 
to direct this special effort and keep it moving. 


6. That it will submit to the chairman of the 
Sections committee for distribution to all other 
Sections such materials and ideas as may assist in 
moving this program forward. 


DO NOT WAIT—ACT NOW 
M. S. CoovErR 


Chairman, Sections Committee 


Sections Consider Peacetime Planning 


Three Institute Sections, Cleveland, 
Philadelphia, and Niagara Frontier, are 
giving attention to the development of 
workable plans for the shift to peacetime 
production at the end of the present emer- 
gency, the Sections committee reports. 

The Cleveland Section has set up a 
“social conditions committee,’ which held 
its first meeting October 22, 1941. The 
desirability of continuing research during 
the emergency, various aspects of taxation 
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and labor, importance of presenting all sides 
of economic problems in schools and 
colleges, consideration of a possible national 
slogan to identify and stimulate the work 
of the engineering profession on current 
problems were among subjects discussed. 
The committee is considering the feasibility 
of forming itself into a seminar to meet 
every two weeks for serious study. 


Members Urged To 


Contact Local Sections 


The Institute’s Washington Section has 
sent word to national headquarters urging 
members normally affiliated with other Sec- 
tions but now finding themselves more or 
less temporarily situated in the Washington 
Section territory, to make their whereabouts 
known to officers of that Section. It is 
pointed out that this would enable the Sec- 
tion to circulate meeting notices and would 
afford opportunity for direct participation 
in local Section affairs. Members tempo- 
rarily established in Washington are invited 
to correspond with F. W. Willcutt, secre- 
tary, care Potomac Electric Power Com- 
pany. 

Members temporarily resident in the 
territory of other Sections likewise may find 
it profitable to identify themselves with 
officers of the nearest local Section. A com- 
plete listing of Sections will be found in the 
recent September issue of ELECTRICAL ENGI- 
NEERING. 


Arizona Section Members Travel 


The AIEFE Arizona Section, newly organ- 
ized during 1941, held its first fall meeting 
at Prescott, Ariz., with 10 members and 14 
visitors present. The total mileage traveled 
by those attending the meeting was re- 
ported to be 5,442 miles, with the longest 
individual round trips 700, 600, and 500 
miles. Only two persons present had round 
trips of less than 64 miles. 

The meeting voted formal acceptance to 
the bylaws previously given tentative ap- 
proval. The program was concerned with 
“Use of Electricity in Copper Mining in 
Arizona.” 


Aibeiracts e ® a) 


TECHNICAL PAPERS are previewed in this sec- 
tion as they become available in advance pamphlet 
form. _Copies may be obtained by mail by remit- 
ting price indicated to the AIEE order department, 
33 West 39th Street, New York, N. Y.; or at five 
cents less per copy if purchased at AIEE head- 
quarters or at AIEE convention or District-meeting 
registration desks, 


The papers previewed in this issue will b ted 
at the AIEE Winter Convention, New Vor NEV 
January 26-30, 1942. 


Air Transportation 


42-7—A D-C Telemeter or D-C Selsyn for 
Aircraft; R. G. Jewell (A’30) and H. T. 
Faus (M’34). 15 cents by mail. A toroidal 
resistance winding having three taps spaced 
120 degrees and a rotatable brush assembly 
which supplies d-c electric energy at dia- 
metrically opposite points constitutes the 
transmitter. The indicator comprises a 
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permanent-magnet rotor surrounded by a 
core of low-hysteresis magnetic material 
carrying three delta-connected coils spaced 
120 degrees. The three taps on the trans- 
mitter are connected to the three common 
points of the indicator coils. A diametrical 
magnetic field is established in the indica- 
tor which causes the magnetic axis of the 
permanent-magnet rotor to come into 
alignment. The position of the indicator 
magnetic field is dependent upon the posi- 
tion of the transmitter brushes. The torque, 
accuracy, size, and weight characteristics 
make this telemeter particularly suitable 
for the remote indication of various aircraft 


functions. 


Basic Sciences 


42-27—Formulas for the Magnetic Field 
Strength Near a Cylindrical Coil; Herbert 
B. Dwight (F’26). 25 cents by mail. 
A group of formulas involving natural 
logarithms is derived, to give the axial and 
radial magnetic field intensity at small 
distances from a solenoid, in the absence of 
magnetic material. The radial thickness 
of the solenoid winding is taken care of by 
additional formulas. Since these and other 
series formulas are the result of integration 
from one end of the solenoid to the other, 
they occur as the difference of two quanti- 
ties. It is shown in this paper that it is 
advantageous to give a physical meaning 
to these two quantities separately, so that, 
for instance, one may be computed by a 
long-coil formula and the other by a short- 
coil formula, if desirable. This greatly 
increases the range in which the flux den- 
sity of solenoids under all conditions can be 
precisely and quickly calculated. In order 
to express the formulas in the form just 
described, expressions are derived for the 
magnetic field strength at points in the end 
plane of an infinitely long solenoid. By 
arranging the available series formulas 
in the manner described, a complete equip- 
ment is given for computing the magnetic 
field of a circular solenoid of any shape and 
at any point, including points within the 
cross section of the winding. Several 
numerical examples are included. A chart 
is given to assist in choosing the appropriate 
formulas for a given case. 


Electric Welding 


42-25—Resistance- Welding Transients; 
E. E. Kimberly (M’41). 15 cents by mail. 
Many articles published on the subject of 
resistance welding deal briefly and qualita- 
tively with the importance of switching 
transients in their effect on the total heat 
produced in a_ short-time weld. This 
paper deals with the same phenomenon 
quantitatively, Oscillograms of current 
and power in the weld show that in the first 
few cycles after random (indiscriminate 
phase-angle) switching in repetitive weld- 
ing the heat input to the weld may vary 
from weld to weld as much as 50 per cent 
from the optimum. As the number of 
cycles in the weld period increases, the 
heat error caused by transient decreases. 
If the weld period is greater than about 
one third second, the heat error may be 
ignored, and although the cost of accurate 
switching control may be justified because 
of line-voltage disturbance and because of 
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exploding or splashing in projection weld- 
ing, it cannot be justified for accurate heat- 
The need for accurate 
phase-angle switching when the weld time 
is very short and when the metallurgy of 
the stock requires accurate temperature 
limits is clearly shown. 


Electrical Machinery 


42-1—Progress Report of D-C Testing of 
Generators in the Field; E. R. Davis 
(A’41) and M. F. Leftwich (A’30). 15 
cents by mail. Considerable interest has 
been shown in field tests of generator insu- 
lation, particularly with mobile test ap- 
paratus. The development of a portable 
d-c apparatus with a range of 0-14,000 
volts, capable of testing large hydro- and 
turbogenerators, is set forth in this paper. 
The initial charging and insulation leakage 
current at various temperatures is de- 
scribed by several curves. A few interest- 
ing tests, which indicate definite possibili- 
ties of high voltage d-c testing, are cited to 
illustrate its feasibility. The method of 
correlating the test results on individual 
generators derives from 2,368 periodic 
field tests made over a period of ten years 
with high d-c voltage is presented. The 
detection of latent generator insulation 
weaknesses without damage to core iron or 
adjacent coils with a mobile high-voltage 
d-c test apparatus has proved economical 
from a service and operating standpoint. 


42-3—Equivalent Circuits for the Hunting 
of Electrical Machinery; Gabriel Kron 
(A’30). 15 cents by matl. A general method 
is given to establish equivalent circuits 
for the determination of the hunting char- 
acteristics, such as damping and synchroniz- 
ing torques, of standard types of electrical 
machines. The method is illustrated by 
setting up steady-state and hunting equiva- 
lent circuits for the salient-pole synchro- 
nous machine having amortisseur windings 
and for the doubly fed single-phase Selsyn 
with unbalanced windings, special cases 
of which are the capacitor motor and the 
doubly fed polyphase motor. A com- 
panion paper “‘The Doubly Fed Machine” 
(42-4) contains a detailed study of the 
characteristics of one of the equivalent 
circuits as measured on the a-c network 
analyzer. 


42-4—The Doubly Fed Machine; C. Con- 
cordia (M’37), S. B. Crary (M’37) and 
Gabriel Kron(A’30). 15 cents by mail. This 
paper presents a general analysis of the 
doubly fed machine (a synchronous machine 
with polyphase a-c excitation on both stator 
and rotor) and shows the characteristic 
curves of damping and _ synchronizing 
torques during hunting, as affected by the 
machine parameters. Equivalent circuits 
are presented which may be set up on an 
a-c network analyzer, so that these damping 
and synchronizing torques during hunting 
may be determined simply by direct meas- 
urement of watts and vars in the circuit. 
Equations for the transient short-circuit 
currents are also included. 


Industrial Power Applications 


42-19—A Static Voltage Regulator Insensi- 
tive to Load Power Factor; Claude M. 
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Summers (M’39) and T. T. Short. 15 
cents by mail. A new type of static voltage 
regulator, for those applications where 
performance is more important than ef- 
ficiency, is described in this paper. It has 
the distinction of supplying a constant out- 
put voltage which is independent of load 
powerfactor. Theregulator in its preferred 
form consists of two reactors and two ca- 
pacitors. One reactor and one capacitor 
form a constant-current circuit and the 
other capacitor and reactor form a con- 
Stant-voltage circuit, so that the regula- 
tor first converts a variable-voltage source 
to a constant current and then to con- 
stant potential. The regulator has many 
interesting characteristics such as inherent 
overload protection, and high speed of re- 
sponse, as well as close regulation for 
simultaneous variation in line voltage, 
load, and load power factor. Brief de- 
scriptions of the design procedure, operat- 
ing characteristics, and some applications 
are given. 


42-21—The Fundamentals of Industrial 
Distribution Systems; D. L. Beeman 
(A’31) and R. H. Kaufmann (M’41). 25 
cents by mail. The intensive manufacturing 
activity accompanying the present defense 
program has stimulated interest in indus- 
trial electric-power distribution. The ul- 
timate objective is one of effectively satis- 
fying electric-power requirements with 
reasonable first cost consistent with a fair 
standard of safety and service reliability. 
This paper presents the fundamental as- 
pects of industrial power distribution, with 
particular reference to low-voltage power 
supply to distributed electrical machinery 
and compares various basic system de- 
signs, including large concentrated sub- 
stations and distributed load-center sub- 
stations with radial and secondary net- 
work modifications, as to safety, service 
reliability, simplicity, etc., relative to esti- 
mated installed cost. The comparative 
analysis comprehends the complete elec- 
trical system between high-voltage supply 
bus and utilization terminal of low-voltage 
feeders. The ideal size of unit substation as 
influenced by operating voltage and load 
density is covered. Principles of system 
design here disclosed are applicable not only 
to new plant construction but to expan- 
sion or modernization of existing plants as 
well. 


Instruments and Measurements 


42-5—The Acceleration-Oscillogram 
Method of Motor-Torque Measurement; C. 
R. Atkinson (A’31) andE. G. Downie (A’35). 
15 cents by mail. The need for an im- 
proved method of measuring starting torque 
of large induction-starting synchronous 


‘motors, as compared with the power input 


and dynamometer methods, has led to the 
use of the acceleration oscillogram. A low- 
ripple permanent-magnet-type d-c genera- 
tor is driven by the motor, and traces a 
time-speed oscillogram, from which ac- 
celeration, and the torque producing it, may 
be calculated. Comparative torque tests, 
at full and reduced voltage, made by this 
and the other methods on the dynamometer- 
coupled motor, showed the definite advan- 
tage of the acceleration tests in combined 
convenience and accuracy. Interesting facts 
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about synchronous-motor starting torques, 
not accurately shown by previous tests, 
have been brought to light. The accelera- 
tion or deceleration oscillogram is also ap- 
plied to the measurement of torques or 
losses of very small high-speed motors by 
using other methods of rotation indication 
involving no loading of the motor. 


42-15—Measurement of Maximum De- 
mand; P. M. Lincoln (F’12). 20 cents by 
mail. This paper describes in detail the 
thermal storage method of measuring the 
maximum demand of a user of electric 
service. It makes a comparison between 
this method and the commonly used block- 
interval method. It points out that the 
block-interval method must necessarily be a 
discontinuous function of time and as such 
be subject to a possible error of 50 per cent 
—a possibility that can become a certainty 
at the option of the service user—while the 
thermal storage method, being a continuous 
function of time, can only indicate a single 
value for maximum demand no matter 
what may be the character of the load under 
measurement. Tests on thermal-storage 
demand meters are given in some detail. 


Land Transportation 


42-23—Progress in Design of Electrical 
Equipment for Large Diesel-Electric Loco- 
motives; Gerald F. Smith (A’13). 15 cents 
by mail. During the last eight years, as the 
result of development of the Diesel engine, 
Diesel-electric locomotives have come into 
wide use for heavy switching, passenger, and 
freight service. There has also been a 
rapid development in the electrical equip- 
ment, going back about 15 years. For 
present high-speed passenger locomotives, 
electrical equipment is available with a 
weight between 20 and 21 pounds per engine 
horsepower, with continuous rated speed 
33 per cent of maximum service speed of 
above 100 miles per hour and with suf- 
ficient maximum tractive effort to slip 
wheels at 33 per cent adhesion. For 
freight locomotives with double the number 
of motors per power plant, the weight per 
engine horsepower is between 30 and 31 
pounds per engine horsepower, and the con- 
tinuous rated speed 16 per cent of maximum 
rated speed. 


Power Transmission and Distribution 


42-2—Relative Value of Different Types of 
Overcurrent Protection for Distribution 
Circuits; G. F. Lincks (A’37). 15 cents by 
mail. According to Lord Kelvin, we have 
only a meager and unsatisfactory knowl- 
edge of a subject until it can be measured 
and expressed numerically. Actual service 
data on the benefit of branch protection 
and line sectionalizing with protective de- 
vices connected in series are not available. 
It would be very difficult to obtain such 
data on all types of protective devices in 
service at different points on any one dis- 
tribution circuit. This has been deter- 
mined by a mathematical study. The 
actual consumer minutes outage has been 
expressed as a percentage of the outage time 
caused by permanent faults alone when no 
sectionalizing or branch protection is used. 
The study covered a range of temporary 
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‘faults from 25 to 85 per cent of the total 
number of faults. All types of fuse cut- 
outs and reclosing breaker arrangements at 
the substation, at sectionalizing points 
connected in series, and on varying-length 
branches are included in the study. This 
knowledge of the relative benefits of dis- 
tribution overcurrent protective equipments 
and their applicatiotis should be of value in 
economical system planning. 


42-10—Temperature and Electric Stress in 
Impregnated-Paper Insulation; J Bs 
Whitehead (F’12) and W. H. MacWilliams 
(Enrolled Student). 15 cents by mail. This 
paper reports studies of the time rate of 
change of power factor and loss in thor- 
oughly impregnated paper insulation, due 
to the separate and to the combined in- 
fluences of high temperature and high 
stress. It is found that the rate of deterio- 
ration as measured by power factor is very 
much greater for combined temperature and 
stress than for either singly, and in fact 
much greater than that observed when the 
oil contains a large amount of oxygen. 
These effects are very pronounced at tem- 
peratures and pressures only slightly above 
those now reached in the operation of 
power cables. They indicate rapid chemi- 
cal changes in the insulation and are at- 
tributed to a great increase in electrolytic 
dissociation in the oil. Tests of this char- 
acter should provide a reliable method for 
study of the relative chemical stabilities of 
cable and capacitor saturants. 


42-13—Multichannel Carrier-Current Fa- 
cilities for a Power Line; P. N. Sand- 
strom (A’25) and G. E. Foster (A’32). 15 
cents by matl. A carrier-current system 
providing a relatively large number of chan- 
nels is in service on a high-voltage power 
line. The facilities provide: 


1. Transmission of signals both ways for the 
opening of the circuit breakers at the remote end by 
the operation of relays at the near end. 


2. Two-way telephone service between any ex- 
tension telephone at the remote generating sta- 
tion and any telephone connecting to the main tele- 
phone switchboard in the central office building. 


3. Two-way telemetering (station generation one 
way, and system total generation the other way). 


4. Transmission from the system operator’s office 
to the station of automatically generated load- 
control signal used to increase or decrease auto- 
matically the station generation. 


5. ; Two channels in each direction for future re- 
quirements. 


This paper describes the methods employed 
to obtain these channels over a single 
power line, including the special precau- 
tions taken with the high-speed transferred 
trip signals to prevent faulty tripping of the 
line due to external disturbances that might 
generate carrier-current tripping pulses. 


42-14—Shielding of Substations; C. F. 
Wagner (F'40), G. D. McCann (A’38), 
and C. M. Lear. 15 cents by mail. A pre- 
vious paper by the authors considered the 
shielding afforded transmission lines by 
ground wires and presented a method for 
suitably simulating the mechanism of 
natural lightning for laboratory tests with 
models. This paper continues the investi- 
gation as applied to the shielding of sub- 
station structures. Recommendations are 
given for the location of overhead ground 
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wires and vertical masts to provide adequate 
shielding to the protected object. 


42-16—Lightning Investigation at High Al- 
titudes in Colorado; L. M. Robertson 
(38), W. W. Lewis (F’38), and C. M. 
Foust (M’31). 25 cents by mail. An in- 
vestigation was begun in 1938 on the Sho- 
shone-Denver 100-kv line to determine the 
probable lightning current at altitudes from 
6,000 to 18,500 feet. The results show a 
decrease of stroke current with altitude, 
and by extrapolation the entire absence of 
lightning current at about 18,000 feet is 
indicated. Observations of temperatures 
at high altitudes indicate that at 18,000 
feet the air temperature never exceeds 32 
degrees Fahrenheit. The possible connec- 
tion between the absence of lightning cur- 
rent and temperatures at or near freezing 
is discussed. The percentage of positive 
currents was comparatively high. The in- 
vestigation was extended to the measure- 
ment of corona current at 5,280 and 13,500 
feet, and in 1941 measurements were ob- 
tained in 51 storms at 13,500 feet. A com- 
parison with similar measurements made 
at low altitude indicates about the same 
maximum potential gradient, but a much 
higher average gradient at the high altitude. 


42-17—Field Investigations of Lightning 
Currents Discharged by Arresters on the 
American Gas and Electric Company 
System; J. W. Gross (M’40), G. D. 
McCann (A’38), and Edward Beck (M’35). 
20 cents by mail. For the past three years 
data have been collected on the wave shape 
of lightning currents discharged by arresters 
in stations of the Ohio Power Company and 
the Appalachian Electric Power Com- 
pany with Fulchronographs, cathode-ray 
oscillographs, and magnetic surge-front 
recorders. Fulchronographs and magnetic 
surge-front recorders have been installed 
at five three-phase arrester banks. At two 
of these, cathode-ray oscillographs were also 
installed. Records have been obtained of 
49 single-phase arrester discharges which 
yielded Fulchronograph records of 88 in- 
dividual components, cathode-ray oscillo- 
graphs of 9, and magnetic surge-front 
records of 18. 


42-18—Lightning Investigation on 132-kv 
System of the American Gas and Electric 
Company; J. W. Gross (M’40) and G. D. 
Lippert (A’38). 25 cents by mail. This 
paper presents and discusses field records of 
natural lightning currents recorded on the 
132-ky transmission system of the American 
Gas and Electric Company during the past 
nine years, although most of the records 
have been obtained during the past four 
years. Magnitude and frequency data on 
lightning currents in transmission wires, 
ground wires, tower structures, counter- 
poises, and ground rods are given. There 
are also discussed records obtained by the 
wave-slope indicators on the rate of change 
of voltages appearing at the entrance to 
transmission stations, some of which at least 
are caused by lightning. These data are 
considered in connection with recorded 
line currents entering a station and co- 
ordinated with the rates of voltage rise, 
calculated line surge impedance, bus volt- 
ages, and lightning-arrester performance. 
Comparison of effectiveness of various 
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lengths and designs of counterpoises and 
ground rods is given. S 


42-22—Impulse and 60-Cycle Characteris- 
tics of Driven Grounds—II; P. L. Bellaschi 
(F’40), R. E. Armington (Enrolled Student), 
A. E. Snowden (Enrolled Student). 30 
cents by mail. This paper extends the con- 
tribution of the first paper experimentally, 
theoretically, and from the application 
standpoint. Data are presented on 16 
grounds ranging from 8 to 30 feet deep. 
Eleven are in clay soil, two in gravelly soil, 
one in sand, and two in a mixture of clay 
and stones. Sixty-cycle data and impulse 
data up to 15,500 amperes are given for the 
single grounds and for parallel combina- 
tions. Curves, tables, and typical cathode- 
ray oscillograms sum up the more pertinent 
findings. Methods have been developed 
for determining 60-cycle and impulse char- 
acteristics of single and parallel grounds. 
Curves calculated are in substantial agree- 
ment with the experimental results. The 
discharge-circuit inductance of a ground 
installation is dealt with and its significance 
is discussed. 


Protective Devices 


42-8—Performance of Ground-Relayed Dis- 
tribution Circuits During Faults to Ground; 
C. L. Gilkeson (M’34), P. A. Jeanne 
(M30), and J. C. Davenport. 15 cents by 
mail. In connection with studies by the 
Joint Subcommittee on Development and 
Research of the Edison Electric Institute 
and Bell Telephone System, of problems of 
protection where power and telephone 
circuits are on jointly used poles, extensive 
oscillographic observations were made of 
the performance of relaying systems and 
other equipment for clearing ground faults 
on power distribution circuits, chiefly on 
circuits above five kilovolts. Of the data 
obtained, those relating to feeders equipped 
with instantaneous ground relays and 
for immediate reclosure have been selected 
for presentation in this paper as being of 
considerable interest outside the specific 
study for which they were secured. Data 
are given as to the means by which faults: 
were cleared, speed of initial interruption 
and of automatic reclosure, per cent of faults. 
clear on first reclosure, fuse and relay co- 
ordination, fault characteristics, etc. Also 
limitations on ground relaying imposed by 
fuse and relay co-ordination, residual load 
currents and transients following feeder 
re-energization are discussed. 


‘42-0—Field Tests and Performance of a 


High-Speed 138-Kv Air-Blast Circuit 
Breaker; Philip Sporn (F’30) and H. E. 
Strang (M’39). 15 cents by mail. A 138-kv 
air-blast circuit breaker of novel design has. 
recently been subjected to a series of field 
tests, up to values of short-circuit: duty 
substantially in excess of its assigned 
rating of 1,500,000 kva. These tests in- 
cluded both normal interrupting duty 
and superspeed reclosing service when the 
breaker was called upon to interrupt, re- 
close in less than 20 cycles, and again inter- 
rupt the fault current. While still some- 
what of an innovation in the high-voltage 
field, the air-blast circuit breaker undoubt- 
edly has certain basic advantages. It is. 
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believed that these tests are an important 
_ step forward in developing the possibilities 
_ of the air-blast breaker for high-voltage 
service and that they have brought the 
entire electric-power industry closer to the 
possibility of benefit from an application 
of this interrupting principle. 


f 


; 42-1 1—Current-Transformer Performance 
' Based on Admittance-Vector Locus: AC: 
_ Schwager (M31). 15 cents by mail. In 
the past, current-transformer performance 
_ has been defined by ratio-error and phase- 
_ angle curves in which the abscissa repre- 
_ sents primary or secondary current to a 
_ linear scale. Numerous curves were neces- 
: sary for determining the errors for the multi- 
_ plicity of secondary burdens. This paper 
shows that a more functional picture of 
current-transformer operation is obtained 
by replacing these curves by the admittance- 
vector locus of the secondary winding. 
The numerous ratio and phase-angle curves 
resulting from various secondary burdens 
and, in case of multiratio transformers, from 
different numbers of turns, revert to one 
single curve. Ratio error and phase angle 
for any burden at any power factor, turn 
ratio, and secondary current, can be scaled 
or read directly from a single chart con- 
taining the admittance-vector locus. 


42-12—Field Tests on High-Capacity Sta- 


tion Circuit Breakers; H. D. Braley(A’18).. 


15 cents by mail. The development of high 
capacity air-blast breakers in the United 
States has taken place without the back- 
ground of operating experience that has at- 
tended the use of oil circuit breakers and has, 
therefore, emphasized the need for testing 
this equipment at levels comparable with 
the assigned interrupting ratings. Al- 
though field short-circuit tests to verify 
circuit-breaker performance haye been 
made on operating systems previously, they 
have been limited in most instances to 
moderate-duty levels or, in the larger inter- 
rupting ratings, to the testing of high-volt- 
age apparatus. Staging severe short-circuit 
tests at 15 kv introduces operating problems 
of greater significance since it virtually re- 
quires the application of the fault to the 
generating-station bus. This paper de- 
scribes such an undertaking and presents: 


1. A résumé of the studies which indicated that 
it would be practicable to stage short-circuit tests 
ranging up to 2,000 megavolt-amperes directly on a 
particular generating-station bus. 


2. <A description of the physical plant equipment 
assembled for test purposes. 


8. Operating experience during a series of 14 
short-circuits ranging from 200 to over 1,500 mega- 
volt-amperes at 14.5 kv. 


42-20—Loss-of-Field Protection for Gen- 
erators; G. C. Crossman (A’30), H. F. 
Lindemuth (M41), and R. L. Webb (M’35). 
25 cents by mail. The features of a new 
protective-relay scheme designed to protect 
a-c generators for severe reduction in field 
excitation are described. This scheme 
operates to remove the underexcited ma- 
chine from the system upon occurrence of 
resultant undervoltage before loss of syn- 
chronism occurs. Calculation methods re- 
quired to apply the scheme are covered, 
together with a sample problem to assist 
with such applications on any system. 
A need for loss-of-field protection has been 
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found on the larger machines of a metro- 
politan operating company. The consid- 
erations involved when studying need for 
such protection are outlined, together with 
the complete description of machine be- 
havior and records of actual tests to show 
that those behaviors can be determined with 
reasonable accuracy. 


42-24—-High-Speed Single-Pole Reclosing; 
J. J. Trainor, J. E. Hobson (M’41), and 
H. N. Muller, Jr.(A’37). 20 cents by mail. 
Recently the Public Service Company of 
Indiana, Inc., installed the first applica- 
tion of high-speed, single-pole reclosing in 
the United States. This application is on 
its single-circuit 132-kv line, extending 
from Lenore to Newcastle, which line forms 
part of an interconnection between the 
Public Service Company of Indiana and the 
Indiana section of the American Gas and 
Electric System. Calculations are included 
which show the comparative transient power 
limits with gang operation and single-pole 
operation for speeds of reclosing of 35 and 
20 cycles on a 60-cycle basis. Comprehen- 
sive tests were conducted to check the 
single-pole relay and circuit breaker opera- 
tion for both arcing and solid faults applied 
at various points on the transmission sys- 
tem. The test results are included in the 
paper. A general discussion comparing 
the use of gang operation and single-pole 
reclosing with other measures for improving 
transmission-line performance is included. 


Personal e @ & 


D. C. Prince (A’16, F’26) manager, commer- 
cial engineering department, General Elec- 
tric Company, Schenectady, N. Y., and 
president of the Institute, has been made 
vice-president in charge of application engi- 
neering, apparatus department. W.R. G. 
Baker (A’19, M’41) manager, radio and tele- 
vision department, Bridgeport, Conn., has 
been appointed vice-president of the radio 
and television department for the company. 
H. A. Winne (A’16, M’39), staff assistant 
to the vice-president in charge of engineer- 
ing, Schenectady, has been appointed vice- 
president in charge of design engineering, 
apparatus department. A biographical 
sketch of Mr. Prince appeared in the March 
1941 issue, page 138. Mr. Baker was born 
November 30, 1892, at Lockport, N. Y., and 
received the degrees of bachelor of science 
(1916) and mechanical engineer (1918) 
and an honorary degree of doctor of science 
(1935) from Union College. He has been 
with the General Electric Company since 
1917, starting in the research laboratories. 
In 1924 he was given charge of design of all 
radio products, and in 1928 complete charge 
of development, design, and production in 
the radio field. In 1930 he became vice- 
president and general manager of the RCA 
Victor radio plant, Camden, N. J., but re- 
turned to General Electric Company in 
1935 to become manager of the radio and 
television department at Bridgeport. Mr. 
Winne was born October 27, 1888, at Cherry 
Valley, N. Y., and received the degree of 
electrical engineer from Syracuse Univer- 
sity in 1910. He joined the General Electric 
Company in 1910, working in the test de- 
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partment. In 1916 he became application 
engineer in the power and mining and in- 
dustrial engineering departments, and in 
1930 was put in charge of a section of the 
industrial engineering department. He be- 
came manager of sales, mining, and steel- 
mill section of the industrial department 
in 1936, and in 1937 was made staff assist- 
ant to the vice president in charge of engi- 
neering, 


H. L. Crumley (A’26, M’27) formerly gen- 
eral superintendent of operations, Virginia 
Public Service Company, Charlottesville, 
has been appointed operating vice-president 
for the company, with headquarters at Alex- 
andria. Ivan Buys (A’24) chief electrical 
engineer, Illinois Iowa Power Company, 
Decatur, Ill., has been appointed general 
superintendent of operations. Mr. Crum- 
ley was born in Atlanta, Ga., June 30, 1900, 
and received the degree of bachelor of sci- 
ence in electrical engineering from the 
Georgia School of Technology in 1920. 
He entered the test course of the General 
Electric Company in 1920, and joined the 
Georgia Railway and Power Company, At- 
lanta, in 1921, serving first as tester, and 
later as assistant foreman of the test depart- 
ment and as protection engineer. He be- 
came relay engineer for the Metropolitan 
Edison Company and New Jersey Power 
and Light Company, Reading, Pa., in 1926, 
and was made assistant superintendent of 
operation in 1927, and chief system opera- 
tor in 1932. In 1937 he joined the E. M. 
Gilbert Engineering Corporation as consult- 
ing electrical engineer, and went to the Vir- 
ginia Public Service Company as general 
superintendent about a year later. Mr. 
Buys is a native (1896) of Rutherford, N. J., 
and received the degree of mechanical engi- 
neer from Cornell University in 1917. After 
two years in the United States Army Signal 
Corps, he joined the Duquesne Light Com- 
pany, Pittsburgh, Pa., and became succes- 
sively technical assistant to superintendent 
of overhead lines, assistant chief of construc- 
tion, and chief of operation of transmission 
lines. He became superintendent of trans- 
mission for the Kansas Gas and Electric 
Company, Wichita, Kans., in 1923, and in 
1930 transferred to the United Power and 
Light Corporation of Kansas, Abilene, as 
chief engineer and later division manager. 
He joined the Illinois-lowa Power Company 
in 1936, as engineering assistant to the vice- 
president, and was made chief engineer 
about a year later. 


H. P. Charlesworth (M’22, F’28) has re- 
tired as assistant chief engineer, American 
Telephone and Telegraph Company, New 
York, N. Y. Mr. Charlesworth was born 
April 7, 1882, at Haverhill, Mass., and 
graduated in electrical engineering from 
Massachusetts Institute of Technology. 
He entered the service of the American Tele- 
phone and Telegraph Company at Boston in 
1905, and did research and development 
work in the engineering department. In 
1907 he was transferred to New York, to 
enter the toll traffic department. From 
1917 to 1919 he was assigned to problems in 
connection with the war-time emergency, 
and later in 1919 was made equipment and 
transmission engineer for the company. He 
was appointed plant engineer in 1920, and in 
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1928 was transferred to the Bell Labora- 
tories as vice-president. He became assist- 
ant chief engineer of the American Tele- 
phone and Telegraph Company in 1933. 
Mr. Charlesworth was a manager of the In- 
stitute 1923-27, vice-president, 1930-32, 
and president, 1932-33. He also has been 
active on many Institutecommittees. H.S. 
Osborne (A’10, F’21) plant engineer, will 
carry on Mr. Charlesworth’s duties, but will 
retain his present title of plant engineer. A 
biographical sketch of Mr. Osborne ap- 
peared in the January 1941 issue, page 44. 


R. I. Parker (A’14, M’20) district manager, 
central-station department, General Elec- 
tric Company, Chicago, Ill., has been ap- 
pointed assistant district manager of the 
company’s central district. Mr. Parker has 
been with the company since 1912, having 
entered the test course at Schenectady, 
N. Y., and later having been transferred 
to the lighting engineering department. He 
was sent to the Chicago district office in 
1919, and was made assistant manager of 
apparatus sales in 1921. He became dis- 
trict manager of the central-station depart- 
ment in 1924. S. W. Scarfe (M’40) com- 
mercial engineer for the company at Los 
Angeles, Calif., has been made assistant 
manager of the Los Angeles central-station 
department. He joined the company’s sales 
department at San Francisco, Calif., in 
1924 transferred to the test department at 
Schenectady, and returned to San Francisco 
in 1926. He was made resident sales engi- 
neer at Fresno, Calif., in 1927, and at Sac- 
ramento, Calif., in 1932, and became assist- 
ant to the manager of the company at San 
Francisco in 1937, and commercial engineer 
in 1939. 


F. C. Weiss (A’14, M’19) manager, engi- 
neering and construction department, Ala- 
bama Power Company, Birmingham, has 
been appointed a vice-president of the com- 
pany. Mr. Weiss was born in Dallas, Tex., 
March 5, 1892, and received the degree of 
bachelor of science in electrical engineering 
from Massachusetts Institute of Technology 
in 1913. In 1911 he joined the Stone and 
Webster Corporation, doing construction 
work in Texas, Iowa, and Missouri, and in 
1913 became inspector of transmission-line 
construction for the Alabama Power Com- 
pany. He later became assistant to the op- 
erating manager, superintendent of line con- 
struction, superintendent of electrical con- 
struction, and superintendent of construc- 
tion for the company. After serving as 
superintendent, construction manager, and 
vice-president of the Dixie Construction 
Company, Birmingham, and construction 
manager of Allied Engineers, Inc., Birming- 
ham, he returned to the Alabama Power 
Company as manager of the engineering and 
construction department 


E. R. Moore (A’26, M’40) electrical system, 
Detroit (Mich.) Edison Company, has been 
appointed budget engineer for the company. 
C. F. Ries (A’19) supervisor of training, 
has been appointed assistant to superin- 
tendent of substations. He will also con- 
tinue with his former duties. Mr. Moore is 
a native (1898) of Williamsport, Pa., and re- 
ceived the degree of bachelor of science in 
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electrical engineering from Pennsylvania 
State College in 1920. He has been with 
the Detroit Edison Company since 1926, 
serving first as engineer in charge of de- 
sign of extensions to d-c substations and sys- 
tem, and later as engineer in charge of the 
preparation and co-ordination of the electri- 
cal system budget and procurement of 
equipment. A native (1891) of Kenton, 
Ohio, Mr. Ries received the degree of elec- 
trical engineer from Ohio Northern Univer- 
sity. He has been with the Detroit Edison 
Company since 1917, having served suc- 
cessively as tester, electrical engineer, and 
supervisor of training. 


H. H. Barnes, Jr. (A’00, F’13) commercial 
vice-president, General Electric Company, 
New York, N. Y., has been appointed AIEE 
executive committee representative on the 
newly-formed Engineers’ Defense Board, a 
working organization of engineers and tech- 
nologists from the several national engineer- 
ing societies which will deal with technical 
problems on shortages, substitutions, con- 
servation, raw materials, production and rec- 
lamation resulting from the defense effort. 
The other AIEE representatives are: 
Philip Sporn (A’20, F’30) vice-president in 
charge of engineering, American Gas and 
Electric Service Corporation, New York, 
N. Y.; C. A. Adams (A’94, F’13) consulting 
engineer, Edward G. Budd Manufacturing 
Company, Philadelphia, Pa.; C. B. Jolliffe 
(M’34) engineer in charge, RCA frequency 
bureau, Radio Corporation of America, 
New York, N. Y.; and R. L. Jones (A’11, 
F’31) director of apparatus development, 
Bell Telephone Laboratories, Inc., New 
York, N. Y. 


W. W. Broadbent (A’16) assistant superin- 
tendent, southern division, Narragansett 
Electric Company, Providence, R. I., has 
been appointed superintendent of the south- 
ern division operating department of the 
New England Power Association with head- 
quarters at Providence. He received the 
degree of electrical engineer from Lehigh 
University in 1910, and after taking the ap- 
prentice shop course at the Westinghouse 
Electric and Manufacturing Company, East 
Pittsburgh, Pa., became construction inspec- 
tor for the New York, Ontario, and Western 
Railroad at Mayfield, Pa. Hesubsequently 
served in the same capacity with J. N. Bas- 
tress and company, Scranton, Pa.; New 
England Engineering Company, in Virginia 
and Ohio; Shore Line Electric Railway 
Company, Norwich, Conn., and Narra- 
gansett Electric Company. He was later 
made assistant superintendent of produc- 
tion and then assistant superintendent of the 
southern division, for the company. 


L. G. Woodford (M’31) assistance vice- 
president, American Telephone and Tele- 
graph Company, New York, N. Y., has been 
appointed chief engineer for the company. 
Mr. Woodford was born August 10, 1888, 
at Waterloo, Iowa, and studied engineering 
at Iowa State College. He joined the Iowa 
Telephone Company in 1911 as engineering 
assistant, and became appraisal engineer in 
1914. He became appraisal engineer for the 
Northwestern Group of Bell Telephone 
Companies in 1916, and was made engi- 
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neer of costs and practices in 1921. During 
1923-24 he engaged in special studies for 
the American Telephone and Telegraph 
Company, and in 1924 was made appraisal 
engineer at New York. He became plant 
extension engineer in 1933, operating results — 
engineer in 1937, plant operation engineer 
in 1939, and assistant vice-president in 1940. 


E. T. Williamson (A’22) electrical engi- 
neer, People’s Power Company, Moline, 
Ill., has been elected vice-president in 
charge of operations. A native (1897) of In- 
dependence, Mo., Mr. Williamson received 
the degree of bachelor of science in electrical 
engineering from Kansas State Agricultural 
College in 1919. He entered the test de- 
partment of the General Electric Com- 
pany, Chicago, Ill, in 1919 and was trans- 
ferred to the a-c engineering department in 
1920, and later to the power and mining de- 
partment. About 1922 he became distribu- 
tion engineer for the United Light and Rail- 
ways Company (later United Light and 
Power Company), Davenport, Iowa, and 
three years later joined the People’s Power 
Company as engineer. He was made elec- 
trical engineer five years ago. 


L. E. Johnson (A’41) instructor in electrical 
engineering, New Mexico State College, 
State College, N. M., has been awarded the 
District 7 prize for best graduate student 
paper presented during the academic year 
ending June, 1940, for his paper ‘‘A Con- 
sideration of Some Possibilities for Electri- 
cal Engineering in Ordinary Land Survey- 
ing.’ Mr. Johnson was born at Corpus 
Christi, Tex., July 26, 1910, and received 
the degrees of bachelor of science in electri- 
cal engineering (1935) and master of science 
in electrical engineering (1940) from Texas 
Agricultural and Mechanical College. From 
1936 to 1989 he was observer for the Texaco 
Development Corporation, Los Angeles 
(Calif.) division, and he joined the faculty 
of Mexico State College in 1940. 


R. H. Olson (A’21) New York, N. Y., dis- 
trict sales manager, Electric Machinery 
Manufacturing Company, Minneapolis, 
Minn., has been appointed eastern sales 
manager for the company. Mr. Olson 
joined the Electric Machinery Company in 
1919, asa tester, and was later made erecting 
engineer. In 1920, he became a partner of 
the firm Pearson and Olson, service engi- 
neers, which was established as the handling 
service department of the Electric Machin- 
ery Company. He returned to the com- 
pany about 1924 as district sales manager at 
St. Louis, Mo., and was later also district 
sales manager at Minneapolis for a short 
time before being transferred to New York 
about 1929. 


W. L. Cisler (M’35) assistant chief engi- 
neer, electrical engineering department, 
Public Service Electric and Gas Company, 
Newark, N. J., has been appointed to the 
staff of the power co-ordinator, Office of 
Production Management, Washington, D. 
C. He has been with the Public Service 
company since 1922 and is currently chair- 
man of the AIEE committee on power gen- 
eration. Also appointed to the staff of the 
power co-ordinator are: F. H. King (A’31, 
M’40) superintendent since 1937 of the 
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electric light department, City of Burling- 
ton, Vermont; and K. W. Miller (A’23, 
-M’29) secretary, director of research, Utili- 
ties Research Commission, Chicago, Ill. 


De Cc. Tillotson (A’39) graduate assistant, 
electrical-engineering department, Univer- 
sity of Missouri, Columbia, has been given 
honorable mention in the District 7 award 
for best graduate student paper presented 
during the year ending June 1940, for his 
paper “‘An Analysis of the Single-Phase 
Full-Wave Gas Rectifier Loaded with a 
Choke Input Filter.” Mr. Tillotson re- 
ceived the degree of bachelor of science in 
electrical engineering from the University of 
Idaho in 1938, and worked for a year as elec- 
trician for the Bunker Hill and Sullivan 
Mining Company, Kellogg, Idaho, before 
going to the University of Missouri as as- 
sistant. He isa member of Sigma Xi. 


G. S. Whitlow (A’29, M’39) application en- 
gineer, St. Louis (Mo.) office, General Elec- 
tric Company, has joined the Union Electric 
Company of Missouri, St. Louis, as electri- 
cal engineer. Mr. Whitlow entered the Gen- 
eral Electric Company in 1924, as a student 
in the test courses at Schenectady, N. Y., 
and Pittsfield, Mass., and in 1925 was made 
head of automatic switchgear testing at the 
Schenectady and Philadelphia (Pa.) plants 
of the company. In 1927 he supervised in- 
stallation of three automatic substations in 
Havana, Cuba. He was made applica- 
tion engineer at St. Louis in 1928. 


E. G. Thoms (A’28) inductive co-ordination 
engineer, Indiana Bell Telephone Com- 
pany, Indianapolis, has been made plant 
extension engineer. Mr. Thoms joined the 
company in 1923, serving first in the de- 
partment of exchange plant engineering. 
During 1926 he was transmission and distri- 
bution engineer for the Indianapolis-Cin- 
cinnati Traction Company, Indianapolis. 
He returned to the Indiana Bell Telephone 
Company in December 1926, as assistant 
foreign wire relations engineer, and was 
made inductive co-ordination engineer about 
1930. 


C. A. Terry (A’18, F’38) manager of power 
supply, Central New York Power Corpora- 
tion, Syracuse, N. Y., has been appointed 
operating manager. J. L. Welch (A’27) 
general superintendent of distribution, has 
been appointed general superintendent of 
the Syracuse-Oswego division, with head- 
quarters at Syracuse. Mr Terry has been 
with the Central New York Power Cor- 
poration as manager of power supply since 
about 1938. Mr. Welch has been with the 
company since about 1937, and was made 
general superintendent of distribution two 
years ago. 


A. F. Brooks (A’24) formerly vice-president 
and general manager, Southern New Eng- 
land Telephone Company, New Haven, 
Conn., has been elected president of the 
company. A native (1890) of Meriden, 
Conn., Mr. Brooks received the degree of 
bachelor of philosophy from Yale Univer- 
sity in 1911, and soon afterwards joined the 
Southern New England Telephone Com- 
pany. He ‘held various positions before 
being appointed cost and appraisal engi- 
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neer, and was later made chief engineer. He 
was appointed vice-president and general 
manager of the company about 19380. 


R. G. Edsall (A’23) electrical engineer- 
draftsman, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa., has been appointed works electrical en- 
gineer in the factory service division of the 
company. Born at Atlantic City, N. J., 
June 17, 1901, he received the degree of 
bachelor of science in electrical engineering 
from Carnegie Institute of Technology in 
1935. He has been with the Westinghouse 
company since 1919 serving successively as 
electrical apprentice, foreman of the test 
floor, and draftsman in the works engineer- 
ing department. 


Mildred A. Preen (A’39) junior partner, 
E. L. and A. G. Preen, contractors, Leba- 
non, N. J., has been elected representative 
to the New Jersey State Legislature from 
Hunterdon County. Miss Preen was born 
June 138, 1918, at Newark, N. J., and re- 
ceived the degrees of bachelor of science in 
electrical engineering from Newark College 
of Engineering in 19388 and master of arts 
from Columbia University in 1939. She 
also has completed the first and secondary 
pilot training courses of the Civil Aeronau- 
tics Authority. 


R. E. Glass (Enrolled Student) Chicago, 
Ill., has received honorable mention in the 
District 7 award for best Branch paper 
presented during the academic year ending 
June 1940, for a paper on ‘‘The Study of the 
Accumulation of High-Potential Static 
Charges by Wind-Tunnel Method,” of 
which he is joint author with L. W. Evans. 
Born at Hartley, Tex., January 6, 1917, Mr. 
Glass received the degrees of bachelor of sci- 
ence, Texas Technological College, 1940, 
and master of science, Illinois Institute of 
Technology, 1941. 


F. L. Arland (A’22, M’30) engineer of special 
studies, New York (N. Y.) Telephone Com- 
pany, has retired. Mr. Arland was born 
January 29, 1880, at Hammondsport, N. Y. 
He joined the New York Telephone Com- 
pany in 1911 as division equipment engineer 
at Albany, and in 1920 became engineering 
assistant in the engineering department at 
New York. He later was made assistant 
engineer and engineer of the department. 
He was appointed engineer of special studies 
in the executive department in 1928. 


C. A. Butcher (M’22) eastern district service 
manager, Westinghouse Electric and Manu- 
facturing Company, Newark, N. J., has 
been made assistant manager of the dis- 
trict manufacturing and repair department 
with headquarters at East Pittsburgh, Pa. 
He has been with the Westinghouse com- 
pany in various cities since 1917, and was 
made northeastern district engineering 
manager at New York, N. Y., in 1929, and 
eastern district service manager in 1936. 


W. C. Lenhardt (A’37) electrical engineer, 
Cornwall ore division, Bethlehem Steel 
Company, Cornwall, Pa., has been made 
electrical superintendent for the division. 
A native (1914) of Syracuse, N. Y., he re- 
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ceived the degree of bachelor of science in 
electrical engineering from Syracuse Univer- 
sity in 1986. He joined the Bethlehem com- 
pany in 1936 as student engineer, and was 
made electrical engineer about two years 
later. 


C. W. Gustafson (A’25, M’29) chief engi- 
neer, Mill Mutual Fire Prevention Bureau, 
Chicago, Ill, has become sales engineer 
for I. A. Bennett and Company, Chicago, 
midwestern agents for the National Electric 
Products Corporation of Pittsburgh, Pa. 
He graduated in electrical engineering from 
Michigan State College in 1922, and immedi- 
ately joined the Mutual Fire Prevention 
Bureau as engineer, being made chief engi- 
neer in 1926. 


H. W. Leitch (A’98, M’13) consultant on 
special assignments, Consolidated Edison 
Company of New York, Inc., New York, 
has retired from active service with the 
company. He retired from the position of 
vice-president in charge of electrical opera- 
tion at the end of 1940, but had remained 
with the company in a consulting capacity. 
A biographical sketch of Mr. Leitch ap- 
peared in the January 1941 issue, page 43. 


F. L. Ball (A’22, M’27) regional executive, 
New England Power Association has been 
made president of the Malden (Mass.) Elec- 
tric Company, and will also continue as an 
officer of various operating companies of 
the Association north and northeast of 
Boston. He has been an executive of the 
Association since about 1936, having served 
prior to that as an executive of several New 
England utility companies. 


G. J. Thaler (Enrolled Student) graduate 
student, Johns Hopkins University, Balti- 
more, Md., has been awarded the District 2 
prize for the best Branch paper presented 
during the academic year ending June 1940, 
for his paper ‘“‘Characteristics of Fluorescent 
Lamps.” Mr. Thaler was born in Balti- 
more, Md., March 15, 1918, and received the 
degree of bachelor of engineering from 
Johns Hopkins University in 1940. 


R. P. Watson (Enrolled Student) Dallas 
Tex., has been awarded the District 7 
prize for best Branch paper presented 
during the academic year ending June 1940, 
for his paper “Electronic Visualization of 
Magnetic Fields.’”’ Born September 5, 
1917, at Dallas, Tex., Mr. Watson received 
the degree of bachelor of science from South- 
ern Methodist University in 1941. 


R. H. Barclay (A’14, F’28) formerly re- 
gional director, Federal Power Commis- 
sion, New York, N. Y., has joined the J. G. 
White Engineering Corporation, New York, 
N. Y., as electrical engineer in charge of the 
division of electrical engineering. A bio- 
graphical sketch of Mr. Barclay appeared 
in the September 1941 issue, page 449. 


S. A. Moss (A’30) district plant manager, 
Chesapeake and Potomac Telephone Com- 
pany, Washington, D. C., has been ap- 
pointed general plant supervisor. He has 
been with the Chesapeake and Potomac 
company since 1924, and was made dis- 
trict plant manager about 1939. 
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H. L. Bradley (A’15) vice-president and 
treasurer, Allen-Bradley Company, Mil- 
waukee, Wis., has been elected executive 
vice-president of the company. He has 
been with the company for many years, hav- 
ing served as vice-president and ‘treasurer 
since about 1919. 


O. E. Buckley (M’19, F’29) president, Bell 
Telephone Laboratories, New York, N. Y., 
has been elected an associate of the Roscoe 
B. Jackson Memorial Laboratory, Bar 
Harbor, Me. A biographical sketch of Dr. 
Buckley appeared in the October 1941 issue, 
page 506. 


T. J. Killian (A’35) technical director, Bar- 
kon-Frink-Sterling Corporation, Long Is- 
land City, N. Y., has been commissioned 
lieutenant, senior grade, in the United States 
Naval Reserve Service. He has joined a 
special class of physicists at Massachusetts 
Institute of Technology, Cambridge. 


H. L. Logan (A’19, M’28) managing engi- 
neer, Controlens division, Holophane Com- 
pany, Inc., New York, N. Y., has been ap- 
pointed as a consultant to the Industrial Vis- 
ual Commission of the Public Health Bureau 
of the American Optometric Association. 


J. G. Strang (A’40) construction engineer, 
National Broadcasting Company, New 
York, N. Y., has been put in charge of 
supervising construction on the new San 
Francisco (Calif.) Building of the company. 
He has been with the company since 1927. 


I. B. Tilyou (A’838) electrical engineer, Cop- 
per Wire Engineering Association of Wash- 
ington, D. C., Upper Darby, Pa., has joined 
the consulting engineering staff of the Chase 
Brass and Copper Company, Inc., Water- 
bury, Conn. 


C. C. Knipmeyer (A’10, M’35) head, elec- 
trical engineering department, Rose Poly- 
technic Institute, Terre Haute, Ind., has 
been elected president of the National Coun- 
cil of State Boards of Engineering Examiners 
for 1941-42. 


R. W. Beck (M’37) manager, Public Utility 
District 1, Grays Harbor County, Aberdeen, 
Wash., has resigned that position; W. S. 
Hill (A’13, M’20) general superintendent of 
production and construction for the district, 
has been appointed acting manager. 


Robert Paxton (A’26, M’40) assistant to the 
manager, General Electric Company, Phila- 
delphia, Pa., has been appointed manager of 
the Philadelphia Works of the company. 
A biographical sketch of Mr. Paxton ap- 
peared in the January 1941 issue, page 44. 


C. E. Stephens (M’22) vice-president of the 
Westinghouse Electric and Manufacturing 
Company, has been appointed chairman of 
the electrical committee of the United States 
Committee for the Care of European Chil- 
dren, New York, N. Y. 


R. M. Triest (A’34) manager, educational 
department, John Wiley and Sons, Inc., 
New York, N. Y., has been elected head of 
the editorial department and secretary of 
the company. 


C. I. Maust (A’36) assistant engineer, Pub- 
lic Service Electric and Gas Company, New- 
ark, N. J., has become assistant engineer 
for Ebasco Services, Inc., New York, N. Y. 
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C. H. Sharp (A’02, F’12) consulting engi- 
neer, White Plains, N. Y., has been awarded 
an honorary degree of doctor of science by 
Hamilton College. 


Obizuary 


Frederick F. Elliott (A’19) borough elec- 
trical engineer, Woolwich Borough Council, 
Woolwich, London, England, died May 8, 
1941. Mr. Elliott was born February 15, 
1892, at Brixton, London, England, and 
studied electrical engineering at the City 
and Guilds of London Technical College. 
During 1912 he was assistant engineer 
for the Thorpe Meter Syndicate, Ltd., 
London, and later became charge engineer 
for the City and South London Railway 
power station, London. He joined the 
British Insulated and Helsby Cables, Ltd., 
Prescot, Lancashire, in 1914, as electrical 
engineer, and in 1915 became charge engi- 
neer for the County of London Electrical 
Supply Company, Ltd., London. He be- 
came station engineer for the Woolwich 
Borough Council about 1920, and later was 
made successively electrical engineer in the 
electricity department, and borough elec- 
trical engineer. He was a member of the 
Institution of Electrical Engineers. 


G. S. Lawler (A’11, M’138) chief electrical 
engineer, Associated Factory Mutual Fire 
Insurance Companies, Boston, Mass., died 
October 31,1941. Born in Boston, Mass., 
in 1874, Mr. Lawler received the degree of 
bachelor of science from the Massachusetts 
Institute of Technology in 1897. From 
1897 to 1899 he was electrician for the Halpin 
Dirigible Torpedo Company. In 1899 
he enrolled in the test course of the General 
Electric Company, and shortly afterward 
joined the Boston Elevated Railway Com- 
pany, serving until 1905 in various capaci- 
ties and finally as superintendent of power 
distribution. After a brief period with the 
Brooklyn (N. Y.) Rapid Transit Company, 
as assistant superintendent of the Wil- 
liamsburg Power Station, he became elec- 
trical inspector for the Associated Factory 
Mutual Fire Insurance Companies in 1906. 
He was later made electrical engineer, and 
became chief electrical engineer about 1918. 
He had participated in drafting every revi- 
sion of the national electrical code since 1907. 


Willard Ashley Stockbridge (A’11) fore- 
man of power plants, Pennsylvania Railroad 
Company, Philadelphia, died August 20, 
1941. Mr. Stockbridge was born March 31, 
1885 at Fort Wayne, Ind., and graduated in 
electrical engineering from Purdue Univer- 
sity in 1910. He joined the Pennsylvania 
Company, Fort Wayne, in 1910, working 
first in the photometric division of the com- 
pany, and later doing tests on power plants 
and distribution. About 1916 he was em- 
ployed in the office of the general superin- 
tendent of motive power, Pennsylvania 
Lines West, Pittsburgh, Pa., and five years 
later became power plant foreman for the 
Canton (Ohio) Shops of the Pennsylvania 
Railroad. He was later transferred to the 
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West Philadelphia Shops of the railroad 
as power plant foreman, and became fore- 
man of power plants at Philadelphia about 
1930. 


Elmer F. Anderson (A’35) electrical engi- 
neer, Portland (Ore.) General Electric 
Company, died October 4, 1941. Mr. An- 
derson was born September 3, 1896, at 
Portland, Ore., and received the degree of 
bachelor of science in electrical engineer-— 
ing from Oregon State College in 1925. 
From 1925 to 1927 he was switchboard 
wireman for the Portland General Electric 
Company, and in 1927 enrolled in the test 
course of the General Electric Company 
at Schenectady, N. Y. He returned to the 
Portland General Electric Company in 
1928, entering the valuation department. 
He was transferred to the testing depart- 
ment in 1929, and in 1934 was made assist- 
ant engineer for the company. He later 
became electrical engineer. 


Warren W. Daugherty (A’37) electrical 
superintendent, Cornwall ore division, Beth- 
lehem Steel Corporation, Cornwall, Pa., 
died August 12, 1941. Mr. Daugherty was 
born in Crisfield, Md., November 11, 1879. 
From 1905 to 1916 he was general foreman 
for the Atlantic City and Shore Railroad 
Company, Philadelphia, Pa., in charge of 
construction and maintenance work on 
electric railroad line and car equipment. 
He joined the Cornwall ore division of the 
Bethlehem Steel Corporation in 1916, as 
chief electrician, and became electrical 
superintendent about 1937. 


Membershsss e °@ 


Recommended for Transfer 


The board of examiners, at its meeting on Novem- 
ber 27, 1941, recommended the following members 
for transfer to the grade of membership indicated. 
Any objection to these transfers should be filed at 
once with the national secretary. 


To Grade of Fellow 


Flanders, N. M., dean of faculty and head of 
department of engineering tests, Bliss Elec- 
trical School, Takoma Park, D. C. 

Woodford, L. G., chief engineer, American Tele- 
pee and Telegraph Company, New York, 


2 to grade of Fellow 


To Grade of Member 


Anderson, H. W., professor of electrical engineer- 
ing, lowa State College, Ames. 

Anthony, B. M., assistant electrical engineer, Ten- 

nessee Valley Authority, Tupelo, Miss. 

Blake, J. W., assistant superintendent of generation, 
Oklahoma Gas and Electric Company, Okla- 
homa City, Okla. 

Currie, J. A., director and managing electrical engi- 
ae C. A. Sothers, Ltd., Birmingham, Eng- 
and. 

Frisby, E. F., assistant superintendent of produc- 
tion, Virginia Electric and Power Company, 
Petersburg, Va. 

Leonard, M. G. electrical engineer, Westinghouse 
pleats and Manufacturing Company, Sharon, 


a. 

Hamlin, E. W., professor of electrical engineering, 
University of Texas, Austin, Texas. 

Lewis, W. P., electrical cable engineer, American 
Steel and Wire Company, Worcester, Mass. 

Manning, M. L., research engineer, Westinghouse 
Electric and Manufacturing Company, Sharon, 


a. 
Marburger, T. E., engineer, Consolidated Gas Elec- 
res Light and Power Company, Baltimore, 


Pearson, D. S., professor of electrical engineering, 
Ohio Northern University, Ada, Ohio. 
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Peterson, M. M., laboratory engineer, Westi 

. pisses and Manufacturing Connery. aoe 
; division electrical engineer, Central 
Light and Power Company, Findlay, 


Westinghouse 
mpany, Lima, 


White, W. C., dean of engineering, N’ 

wil peuaian b Boston, tanan: aa penaiene 
son, G., designing engineer, General Electri 
Company, Oakland, Calif. ‘ e as 


19 to grade of Member 


Applications for Election 


Applications have been received at headquarters 
f from the following candidates for election to mem- 
bership in the Institute. Names of applicants in 
the United States and Canada are arranged by 
geographical Districts. If the applicant has ap- 
_ plied for direct admission to a grade higher than 
Associate, the grade follows immediately after the 
name. Any member objecting to the election of 
any of these candidates should so inform the na- 
tional secretary before December 31, 1941, or 
February 28, 1942 if the applicant resides outside 
of the United States or Canada. 


United States and Canada 


1. Nort Eastern 


Cerwin, F, J., Central New York Power Corpora- 
tion, Syracuse, N. Y. 
Hermann, G. P., General Electric Company, 
_ Schenectady, N. Y. 
Lindstrom, E., Line Material Company, Oneida, 


iN. ¥e 

MacMillan, D. G., American Steel and Wire Com- 
pany, Worcester, Mass. 

Ray, J. H., American Steel and Wire Company, 
Worcester, Mass. 

Ray, J. W., American District Telegraph Com- 

_ Pany, Inc., Boston, Mass. 

Shickel, J. B., 208 Syracuse Building, Syracuse, N.Y. 

Silver, C. W., General Electric Company, Schenec- 
tady, N. Y. 

Wahlstrom, E. O., American Steel and Wire Com- 
pany, Worcester, Mass. 

pier pe M. F., Jackson and Moreland, Boston, 

ass. 

Wiest, H. G., Jr. (Member), General Electric 

Company, Lynn, Mass. 


2. MippLe EASTERN 


Altar, W., Case School of Applied Science, Cleve- 
land, Ohio. 

Ashton, J. O. (Member), Carnegie Illinois Steel 
Corporation, Pittsburgh, Pa. 

Baker, E. P., Westinghouse Electric and Manu- 
facturing Company, Sharon, Pa. 

Belinich, J. J., Westinghouse Electric and Manu- 
facturing Company, Sharon, Pa. 

el ig E., General Electric Company, Toledo, 

oO. 

Buckley, F.S., United States Navy, Philadelphia, Pa. 

Clouse, W. W. (Associate re-election), Consoli- 
dated Gas and Electric Company of Balti- 
more, Baltimore, Md. 

Ferlazzo, G., National 
Washington, D.C. 

Fultz, J. M., Jr., Bell Telephone Company of 
Pennsylvania, Philadelphia, Pa. 

Gilfillan, W. C., United States Navy Yard, Phila- 
delphia, Pa. 

Gross, K. K., Leeds and Northrup Company, 
Philadelphia, Pa. 

Halpeny, O. M., United States Engineering De- 
partment, Cincinnati, Ohio. 

Hamner, S. G., Jr., United States Navy, Balti- 
more, Md. 

Harris, F. K., National Bureau of Standards, 
Washington, D. C. 

Hey, J. A., Rural Electrification Administration, 
Washington, D. C. 

Hill, D. A., Alliance Public Service Company and 
Ohio Public Service Company, Cleveland, 
Ohio. 

Horlacher, P. E., Westinghouse Electric and Manu- 
facturing Company, Sharon, Pa. — 

Hyde, E. L., Bethlehem-Fairfield Shipyard, Incor- 
porated, Baltimore-Fairfield, Md. J 

Johnson, C. H., Sun Oil Company, Toledo, Ohio 

King, J. A., Westinghouse Electric and Manufac- 
turing Company, Sharon, Pa. 4 

LeBlanc, A. A., Westinghouse Electric and Manu- 
facturing Company, Sharon, Pa. ap 

Mancini, P. A., Rural Electrification Administra- 
tion, Washington, D. C. q . 

Mason, L. L., Consolidated Gas, Electric, Light 
and Power Company, Baltimore, Md. 

Maxim, G. E. (Member), Picker X-Ray Corpora- 
tion, Inc., Cleveland, Ohio. E 

McKeithan, W. L., Westinghouse Electric and 
Manufacturing Company, Sharon, Pa. : 

Moody, W. R., National Radio Institute, Washing- 
ton Dac: z ; i 

Ormston, J. J., Jr., Westinghouse Electric and 
Manufacturing Company, Sharon, Pa. 


Bureau of Standards, 
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Phillips, F., Elyria Foundry, Elyria, Ohio 

Phillips, W. E., Leeds and hrup 
Philavelptiz, oe s and Northrup Company, 

rnd M., University of Pittsburgh, Pittsburgh, 


a. 
Bs aa oe 
nnd ad Deas and Northrup Compan 
Wiese Foe : (ember) Cramp reas . 
Corporation, Philadelphia, Pa. 3 


3. New Yorx City 


Dyson, G. W., Consolidated Edi 
HanN™ work, Inc., New York, ‘Ae pee eal 
umer, R. H., New York Teleph 
tes eae elephone Company, 
Meyers, S. T., Bell Telephone Laboratories, Incor- 
A stig hh Bois N.Y. 
oynihan, V. A. ibbs and C uf 
Wien Woek, ae ox, Incorporated, 
ene ace Soerou Tes Device Corporation, 
Sterner, N. A. (Member), Telefonaktiebolaget 
_ L. M. Ericsson, New York, N. Y. 
Winans, B., New York State Electric and Gas 
Corporation, Brewster, N. Y. 


4. SouTHERN 


ecg ta L. M., United States Navy Yard, Charles- 

on, S.C. 

a iy E, J., Jr., Tulane University, New Orleans, 
a. 


Brubaker, L. H., United States Navy Yard, 
Charleston, S. C. 

Daniels, P. A., Alabama Power Company, Bir- 
mingham, Ala. 

Gilbreath, J. H., Tennessee Valley Authority, 
Chattanooga, Tenn. 

Guthrie, R. J., Byrne Organization, Old Army Base, 
Norfolk, Va. 

Long, K. H., United States Navy Yard, Charles- 


ton, S.C. 

Richardson, O. (Member), Southern States Equip- 
ment Corporation, Birmingham, Ala. 

Shortley, W. M., Southern Bell Telephone and 
Telegraph Company, Atlanta, Ga. 

Stratton, W. L., Armature Winding Company, 
Charlotte, N. C. 

Sweeting, R. C., United States Navy Yard, Charles- 
ton, S.C. 

Sa le, . Ro City of Jacksonville, Jacksonville, 

a. 


5. GREAT LAKES 


Baird, M. N., General Electric Company, Fort 
Wayne, Ind. 

Belt, D. F., Bendix Products, South Bend, Ind. 

Braymer, D. T., Electrical World, Chicago, Ill. 

Burian, K., Electrical Engineers Equipment Com- 
pany, Melrose Park, Il. 

Greene, E. M. (Associate re-election), Albert Kahn, 
Incorporated, Detroit, Mich. 

Heise, E. B. (Member), Northern Indiana Public 
Service Company, Michigan City, Ind. 

Hill, F. E., Fisher Body Corporation, Detroit, 
Mich. 

Juhnke, P. B., Jr., Line Material Company, Mil- 
waukee, Wis. 

Killian, S. C. (Associate re-election), Delta-Star 
Electric Company, Chicago, Ill. 

Lawrence, L. E., Allen Bradley Company, Mil- 
waukee, Wis. 

Moncher, F. L., Fisher Body Corporation, Detroit, 
Mich. 

Sarafian, K., Fisher Body Corporation, Detroit, 

ich 


ich. 

Siegel, R. C. (Member), Wisconsin Telephone Com- 
pany, Milwaukee, Wis. , 

Svec, V., Harnischfeger Corporation, Milwaukee, 


is. 
Warnock, E. W., Consumers Power Company, 
Adrian, Mich, 


6. NortH CENTRAL 


Becker, S., Hathaway 
Denver, Colo. : 
Dieringer, J. T., Central Nebraska Public Power 


and Irrigation District, Hastings, Neb. 


Instrument Company, 


7. SouTH WEST 


Carothers, B. M., Union Electric Company of 
Missouri, St. Louis, Mo. 

Hansen, E. L., United States Bureau of Reclama- 
tion, Elephant Butte, N. Mex. : 

Maguire, J. C., University of Texas, Austin, Tex. 

Milner, M. L., Jr., Ford, Bacon and Davis, Inc., 
Little Rock, Ark. we 

Smoll, A. E., General Electric Company, Wichita, 
Kan. 

Tuma, G., University of Oklahoma, 
Okla. 

Uhr, I. A. (Member), General Electric Company, 
San Antonio, Tex. 

Zeiders, M. L., Southwestern Bell Telephone Com- 
pany, Oklahoma City, Okla. 


Norman, 


8. PAacrIFIc 


Horton, T. H., Bethlehem Steel Company, San 
Francisco, Calif. 

Larson, P. F., Vega Airplane Company, Burbank, 
Calif. 

O’Hara, P. L., Arizona Edison Company, Incorpo- 
rated, Gila Bend, Ariz. 

Pier, E. H., Douglas Aircraft Company, Incorpo- 
rated, Santa Monica, Calif. 


Institute Activities 


Ritter, A. L. (Associate re-election), Federal Com- 
munications Commission, San Diego, Calif. 
Sargeant, G. H., Jr., Employers Liability Assur- 

ah Corporation, Limited, San Francisco, 
Thompson, R. J., Trumbull Electric Manufactur- 
ing Company, Los Angeles, Calif. 


9. Norra West 


Brown, H. R. (Member), Boeing Ai 
ah nage asi ) g Aircraft Company, 

Drewett, G, A. (Member), Northwestern Electric 
Company, Vancouver, Wash. 

Goldberg, M. O., Mountain States Telephone and 
Telegraph Company, Helena, Mont. 

Mayer, R. H., Civil Aeronautics Administration, 
Anchorage, Alaska, 

McGuire, M. H., City Water and Light Depart- 
ment, McMinnville, Ore, 

Nystrom, H, R., Washington Water Power Com- 
pany, Spokane, Wash, 


10. Canapa 


Baxter, S. C., Burrard Dry Dock Company, Ltd., 
_ N. Vancouver, B.C, 
Briggs, H, L. (Member), Hydro Electric System, 
Winnipeg, Man. 
Faucher, W. Niempany Canadian Light and Power 
Company, St. Timothee, Beauharnois County, 


Que. 

Lake, F., Burrard Dry Dock Company, Limited, 
North Vancouver, B. C. 

Moss, A. S., Hydro Electric Power Commission, 
Toronto, Ont. 

Rapsey, K. H., Square D Company Canada 
Limited, Toronto, Ont. 

Sanger, J. S. (Member), Hydro Electric System, 
Winnipeg, Man. 

Watson, C. H., Britannia Mining and Smelting 
Company, Britannia Beach, B. C. 


Total, United States and Canada, 110 


Elsewhere 


Altmann, A. H. (Member), Standard-Waygood 
Limited, Sydney, N.S. W., Australia, 

Anderson, G. A., Canterbury University College, 
Christchurch, New Zealand. 

Brown, D. E. T. (Member), The Surat Electricity 
Company, Limited, Surat, India. 

de la Torre, A. L., Westinghouse Electric Interna- 
tional, Mexico, D. F. 


Driscoll, W. H. (Member), Anglo-Ecuadorian 
Oilfields Limited, Casilla 410, Guayaquil, 
Ecuador. 


Escuden, M. M., Westinghouse Electric Interna- 
tional, Mexico, D. F. 

Graeter, G. E. (Member), care of Contractors, 
Pacific Naval Air Bases, Midway Islands. 

Nava, F. A., Westinghouse Electric International, 
Mexico, D. F. 

Rao, S. K., Tata Oil Mills Company, Ltd., Tata- 
puram Post, Southern India. is 

Roldan, D. G., National Economy Bureau, Mexico, 
1OL He, 


Total, elsewhere, 10 


Addresses Wanted 


A list of members whose mail has been returned 
by the postal authorities is given below, with the 
addresses as they now appear on the Institute 
record. Any member knowing of corrections to 
these addresses will kindly communicate them at 
once to the office of the secretary at 33 West 39th 
St., New York, N. Y. 


Accioly, Pompeu Barbosa, Caixa Postal 571, Rio de 
Janeiro, Brazil, S. A. ‘ 

Anderson, Axel W., Jr., 647 W. Sheridan Road, 
Chicago, Ill. 

Andreasen, Ingwald A., 230—75th St., Brooklyn, 
N 


ms 
Browning, Robert Lee, Jr., c/o Continental Oil Co., 
Conroe, Texas. 
Butler, N. O., Route 1, Moore, Okla. : 
Butler, Oliver D., 1355 E. 47th Place, Chicago, 


Ill. 
Cohen, LeRoy Daniel, 770 Meridian St., Florence, 


Ala. 

Daily, Charles S., Jr., 1723 Eye St., N. W., Wash- 
ington, D. C. 

Dennis, Roman, Jr., 360 Amherst St., Buffalo, 
N. Y 


Dively, William L., c/o Ford Hotel, Buffalo, No Y. 

Farmer, Lee Linzey, Balboa Heights, C, Z. 

Gould, John P., 2017 S. 59th Court, Cicero, Ill. 

Hickey, Frank W., Jr., 750 Taylor St., San Fran- 
cisco, Calif. 

Hurd, Clinton T., Box 178, Seattle, Wash. 

Lofstrand, A. L., Box 5043, Quarry Heights, C. Z. 

Roberts, C. F., Jr., Houston Lighting & Power Coz 
Engg. Dept., Box 1700, Houston, Texas. 

Romero, Robert F., 3200—13th St., N. W., Wash- 
ington, D. C. : : 

Schwarz, Donald William, 115 Lincoln Ave., Endi- 
cott, N. Y. 

Smith, Clement E., 816 Leland Ave., South Bend, 
I 


nd. : 
Swan, Harry C., 586 Shoop Ave., Dayton, Ohio. 
Thompson, Haddon, Storden, Minn. Le 
Whitescarver, Robert S., 400 Center St., Wilkins- 


burg, Pa. ‘ 
Wood, Prank Preuit, Dallas Power and Light Co. 


Dallas, Texas. 
23 Addresses Wanted 
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Of Ce oem interest 


Relation of ECPD to Professional Societies Discussed 


Speaking at the recent annual dinner of the Engineers Council 
for Professional Development, AIEE Representative J. F. 
Fairman considered his own experience and in that light prof- 
fered some pertinent suggestions as to the respective responsi- 


bilities of Council, the participating organizations, and the 


representatives of the latter. 


The essential substance of Mr. 


Fairman’s address is contained in the following report. 


Is considering possible inferences to be 
drawn from the word “relation”, and the 
sequence of mention of the things related I 
followed the advice I so frequently give my 
children—go to the dictionary. One of the 
definitions I found is “the state of being 
mutually or reciprocally interested, as in 
social or business matters.’’ This defines for 
me the “‘relation’’ between Council and the 
participating bodies. To this I would add 
one other shade of meaning—that implied in 
kinship, as father to son; or in the relation- 
ship of master to servant. 

Our charter bears out this idea when it 
defines ECPD as a conference of engineering 
bodies organized to do a definite job—to 
enhance the professional status of the engi- 
neer. The text of the charter dealing with 
our objectives and program further con- 
firms and amplifies this relationship, but in 
my opinion the argument is clinched by the 
phraseology of paragraph 4, defining the 
method of operation, which states ‘““ECPD 
shall from time to time recommend to the 
governing boards of the participating bodies 
procedures considered to be of value or 
significance in promoting the general ob- 
jective set forth in paragraph 2 and shall 
administer such procedures as shall have 
been approved by those boards.”’ In other 
words, ECPD is the servant. It is definitely 
neither a superior body nor an all-powerful 
co-ordinating agency. It is the servant, to 
suggest; not the master, to command. 

If I may modify the metaphor, ECPD is 
like unto a beautiful mansion, built by the 
family of professional societies with a great 
deal of enthusiasm for the broad outlook on 
common problems afforded by the site, but 
visited only occasionally by its masters, be- 
cause of the pressure of business and other 
interests located elsewhere. The owners 
have left the place in charge of a large staff 
of their own selection. Once a year the 
servants send their masters a sort of New 
Year’s greeting to reassure them that the 
house is in order in case they should wish to 
use it. The greeting is politely acknowl- 
edged and that is the end ofit. The present 
major-domo, being a very conscientious 
man, was distressed not a little by the lack 
of interest shown by the owners, so he ad- 
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dressed a special message* to them, calling 
their attention to the fact that the staff de- 
sired to be of greater service. This was so 
extraordinary it commanded more than 
usual attention, but when the owners found 
it was not astrike threat, they relaxed again. 

The apparent indifference of our masters 
has lead some of our more enterprising—or 
shall I say more visionary—associates to 
dream about how pleasant it would be if 
we owned the house. Such dreams may 
cause us to forget our proper place and if 
indulged in too long may result in unbear- 
able insubordination with the usual conse- 
quences. Perhaps if we kept ourselves 
busier at our job we would not have time for 
such dreams and we would accomplish more 
for our masters and for ourselves. 

Let me sketch briefly my own experiences, 
which lead me to this point of view. First, 
what are we representatives of the profes- 
sional societies supposed to do? 

According to the rules of procedure, ‘‘The 
representatives of each participating body 
shall be charged with the responsibility of 
providing its governing board with current 
information about the plans, program, and 
proceedings of ECPD, supplementing the 
reports of the secretary, and of ascertaining 
the official attitude of its governing board 
on matters under discussion before ECPD.”’ 
When I think of this rule and of the actual 
performance of one of the representatives of 
one of the participating bodies, I find a 
reason for the apparent lack of lively in- 
terest on the part of that particular body. 

In telling my story, I must of necessity 
make references to persons and events. No 
criticism is intended or implied. 


EXPERIENCES OF A REPRESENTATIVE 


When I was first appointed as a representa- 
tive of AIEE, I knew perfectly well that the 
appointment must represent a job, since I 
had not arrived at that time of life when my 
professional attainments entitled me to be 
the recipient of honors. So with eager 
inquisitiveness, I accepted the invitation to 
attend the next annual meeting of Council 
after notice of my appointment. I knew 


*ECPD SHoutp Loox Aneap, R. E. Doherty, 
ELECTRICAL ENGINEERING, July 1941, pages 318-21. 
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little or nothing about ECPD, so I listened 
carefully. I was much impressed and 
thoroughly imbued with the idea that here 
was aghance to be of tangible service to the 
profession. Then I respectfully waited for 
an assignment to duty or some instruction 
either from my master or my companions in 
service. I waited. A whole year passed. 
Nothing happened. This bothered me. I 
began to conceive of myself as the forgotten 
man, but I also decided that perhaps it 
was up to me to do something about it. 
The first annual meeting to which I would 
be a fully accredited representative was ap- 
proaching and I thought I ought to try to 
find out what had been happening during 
the past year, so that I might take part more 
intelligently in the business of that meeting. 
Just at that time there came to me a copy 
of a draft of the revised pamplet, ‘‘Engineer- 
ing—A Career, A Culture,’”’ with an implied 
invitation to read and comment construc- 
tively upon it. Here at last was a job and 
I went to it with enthusiasm. I received a 
polite acknowledgment of my letter of 
comment, so I dared to hope that some of 
my suggestions might be deemed substantial 
enough to be incorporated. Imagine my 
chagrin at the annual meeting when I found 
that none of them had been. However, I 
was interested to observe that several other 
representatives had the temerity to raise 
questions about some of the same points. 
Apparently the matter was not closed. I 
therefore continued my efforts to be con- 
structively helpful. 

At this same meeting I was puzzled by the 
manner in which it was proposed to obtain 
approval of the participating bodies of the 
release of this pamphlet for publication. 
Copies were to be sent to all the members of 
the governing boards of the participating 
bodies, but without making any specific 
recommendation. JI arose timidly in the 
meeting and made the suggestion that it 
would be helpful to me, were I a member of 
one of these boards, to be told specifically 
what ECPD thought about this pamphlet, 
what they suggested be done with it and 
why and for how much. The suggestion 
was ruled out of order as being prejudicial to 
objective consideration of the pamphlet by 
the recipients. 

A few days after the meeting, I addressed 
a communication to my two associates 
representing the same participating body, 
appealing to their greater length of experi- 
ence for guidance. I am a rather outspoken 
individual and I put my request in these 
words, “I have been trying to ascertain just 
what a representative of a constituent body 
is supposed to do, other than attend meet- 
ings, look wise, and say ‘yes’ at appropriate 
intervals.” Now admittedly that is a 
tough question—I might say it is almost a 
“Scottian’”’ question. My two experienced 
associates did their best to be consoling but 
I remained unenlightened. I followed this 
up by consultations with assorted past 
presidents, vice-presidents, and directors, 
past and present, and got about the same 
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kind of encouragement. No one had any- 
thing specific to suggest, but everyone was 
willing to have me start something. They 


would all be right behind me—how far be- 


hind was not entirely clear to me. 

I didn’t do much during the second year, 
except faithfully attend the few brief meet- 
ings of the executive committee to which I 
had been appointed, and make a scouting 
expedition on my own to see how the pam- 
phlet was making out in its review by the 
members of the governing body of AIEE. 
I started by looking at the replies that came 
in to headquarters, most of which indicated 
to me that the pamphlet had not been 


read. I took my courage in my hands and 


- called on a number of these officers and di- 


rectors with whom I had a speaking ac- 
quaintance. I generally drew the reaction, 
“Oh, were we supposed to read it?” 

During the third year, I stopped running 
around asking questions and put that same 
energy, hitherto wasted, to work, in more 
productive activities. These activities have 
obtained for me a somewhat questionable 
recognition by our chairman. I have been 
given the job of stirring up interest and a 
feeling of responsibility on the part of the 
members and officers of the professional 
societies who may be within sound of my 
voice and I have assumed for myself the 
job of stirring up my associates on the 
Council. 

My experiences in that capacity derived 
of the past three years have served to 
strengthen my conviction that one gets 
specific answers to specific questions and 
general answers, if any, to general questions 
and that engineers as a group are no differ- 
ent from the rest of humanity in their actions 
and reactions, 


SUGGESTIONS TO SOCIETIES AND 
REPRESENTATIVES 

First, I should like to clean up that part 
of my assignment dealing with our masters, 
the officers and members of the participating 
bodies. My first suggestion to them is that 
they exercise the greatest care in choosing 
their servants, bearing in mind that the 
assignment as representative is not an honor 
—it is a job. 

There is a common fallacy which holds 
that the busier a man is the more jobs he 
can take on and the better he will do them. 
To me this sounds like getting something 
for nothing. As engineers, believing in the 
principle of conservation of energy, we 
should know it just can’t be so. Accord- 
ingly, a participating body would do well to 
choose an individual who is reasonably 
sure that he will have the time to give to 
the job that the job requires. 

ECPD is spending money which the 
participating bodies supply. The officers 
and directors of the participating bodies 
therefore should review periodically what 
they are getting for the money of their 
members, to what extent the profession is 
being advanced as a result of that expendi- 
ture, and whether the most effective use is 
being made of the time and money being 
expended on their behalf. 

Above all things, avoid the common mis- 
take of setting up more committees or new 
agencies to do the same job. Face the issue 
squarely and insist that the existing com- 
mittees and the existing agencies produce 
or show cause why they cannot. The 
temptation to start some new group is 
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always a strong one but in the end makes the 
confusion worse confounded, I submit that 
a continuing interest and sustained effort 
are essential factors in the success of any 
enterprise. 

To my fellow representatives my first re- 
mark is a corollary of what your sponsors 
should do in your selection. If, having ac- 
cepted the job, you find that for any reason 
you can’t see it through with the thorough- 
ness which you know it deserves, or if you 
just plain don’t like it after you have tried 
it, why not quietly withdraw so that the 
assignment may be given to someone who 
has the time or a more active interest or is 
otherwise better able or better fitted to 
carry on? 

Let’s resolve not to ask our principals 
what they think. Let’s tell them what we 
think and why and what we believe should 
be done about it. Let them gain respect 
for us and for their joint enterprise by the 
way we conduct our business. 

After two years of running around trying 
to find out what other people thought I as 
a representative should do, or what ECPD 
should do, I had the very great pleasure of 
going before the AIEE board of directors 
with two specific propositions, one of which 
cost them money, and obtaining their 
enthusiastic response and prompt action on 
both proposals. On that same occasion, 
after obtaining favorable action on the 
things I specifically requested, I made a 
general request for ideas, suggestions, and 
criticism, which was politely received, but 
to which I have had no reply then or since 
from the group as a whole, or from any 
individual member thereof. 


NEED FOR A UNITED FRONT 

Of course, before we approach our prin- 
cipals with specific proposals, we should be 
sure that our proposals are sound and 
reasonable, that they are definitely a part 
of our general assignment, and that they 
are important steps in the attainment of 
our objective. Moreover, in my opinion, 
it is important that Council, as a whole, 
present a united front on all such matters. 
If we cannot agree among ourselves, it is 
unlikely that the participating bodies we 
represent will agree. 

Even after we have made a sale, our job 
is not done. Obviously if we are asking for 
authority for ourselves to do a job and we 
get that authority, we are obligated to go 
to work anew. On the other hand, if our 
recommendation calls for action by some 
other agency, such as a committee of one of 
the participating bodies, we should person- 
ally see to it that the committee thoroughly 
understands the job given it to do, and do 
everything in our power to promote its 
success. In either case, we cannot relax. 


CURRENT PROBLEMS 


In the course of preparing these remarks, 
I reviewed our last annual report. The 


first thing that hit me was the fact that the 
only policies listed as adopted by Council 
are dated October 1933. Does this mean 
that we found all the answers in October 
1933? Obviously, no. To me, it means 
that we started with enthusiasm, then the 
going got a little hard, then we began to 
get cautious, then we began to debate more 
over the form than the substance. We lost 
our courage. It was easy to talk but hard 
to arrive at a conclusion. 

What effective action have we taken on 
the recommendations contained in the re- 
ports of our committees? I think I can say 
the answer as to fundamental recommenda- 
tions is somewhat embarrassing. To be 
sure, we did grant the request of the several 
committees for funds for use during the 
year, but neither collectively nor individu- 
ally, so far as I am aware, did we really 
implement the basic recommendations which 
we ourselves presumably approved in ac- 
cepting the committees’ reports. Do we 
seriously expect that anything is going to 
happen just because a committee makes a 
report, we accept it for the record, and it is 
published in our annual report? I don’t 
think we really do if we are honest with our- 
selves. We probably hope that somebody 
will do something about it—but somebody 
else, not me. 

Let me suggest just two sample items 
about which we should be up and doing. 
Our Committee on Student Selection and 
Guidance made some suggestions about 
stimulating the local sections or chapters of 
our participating bodies to new or renewed 
efforts in that field. Frankly, it took me 
nearly a year to give them a hand and then 
it came about by accident, rather than by 
design on my part. Similarly, the Commit- 
tee on Professional Training made certain 
recommendations as to work that might be 
handled by local groups in their field of 
activity. I have done nothing about this 
and it is on my conscience. 

What agency is better organized than 
ECPD to reconcile the divergent points of 
view on the so-called model law? To be sure 
it is not a specific assignment, but it cer- 
tainly comes within our general scope and 
we might materially enhance the prestige of 
the profession if we could get the various 
societies we represent to stop fighting with 
each other more or less publicly about model 
laws and to turn over to us the job of draft- 
ing a model law which would take into ac- 
count not so much diverse points of view as 
the actual realities of engineering practice. 
If we cannot do a job like that there is not 
much excuse for our existence. 

There are many problems common to all 
branches of the profession. Their solution 
is intimately related to the enhancement of 
the professional status of the engineer. That 
is our job. Shall we do it? My answer is— 
Yes. When shall we begin? My answer is— 
Now. 


Better Understanding of ECPD Objectives 
Stressed at Ninth Annual Meeting 


Recocnition of the need for a more 
general understanding of the major ob- 
jectives of the Engineers Council for Pro- 
fessional Development among its con- 
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stituent societies, and constructive sugges- 
tions from the official representatives of 
these sponsoring bodies featured the ninth 
annual meeting of ECPD, held October 31, 
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1941, at the Engineering Societies Building, 
New York, N. Y. 

In introducing his report on the work of 
Council for the past year, its chairman, Doc- 
tor Robert E. Doherty, president of Car- 
negie Institute of Technology, declared that 
before ECPD could accelerate its progress 
toward the objectives stated in the charter, 
it was essential that “not only the officers 
and boards but also the rank and files of 
the constituent organizations understand 
much more fully than they have in the past 
what these objectives are and the im- 
portance of their achievement to the welfare 
of the country.” “An astonishing number of 
people, including some comparatively close 
to the work, have felt that the most im- 
portant activity and the only significant 
achievement of ECPD have been in con- 
nection with the accrediting program,’’ Doc- 
tor Doherty said, pointing out that the 
Charter clearly indicates other purposes and 
activities relating to selection and guidance, 
professional training, professional recogni- 
tion. ‘From the point of view of further 
advancement of the profession, and more 
important still, the welfare of the country, 
these other purposes and activities are, in 
the long run, unquestionably of equal im- 
portance with accrediting,” he said. 

Recalling that at the beginning of the 
year he had strongly urged an educational 
campaign among the constituent organiza- 
tions as one of the most important projects 
the Council could undertake, Doctor 
Doherty stated his confidence that “‘as the 
constructive purposes and results of the 
Council’s work become clear, all constituent 
bodies will appraise the situation as it exists 
today, forget misunderstandings of the past, 
and see their way clear to support the 
Council’s work.’’ He described the projects 
represented by ECPD’s standing commit- 
tees “and by other objectives having to do 
with professional development”’ as affording 
a basis upon which effective co-operation 
among the societies can be developed. 
“But the effectiveness of this co-operation 
will depend, in my opinion, altogether upon 
the effectiveness of plans devised by the 
Council to make use of the machinery wisely 
set up when it was organized. These plans 
must, it seems to me, include a more active 
participation than in the past by the repre- 
sentatives of the constituent bodies; and to 
accomplish this, there naturally must be a 
definite and constructive program in which 
they can find an active interest .... The 
officers and committee chairmen of the 
Council must work with the delegates to 
formulate plans and procedures. Fostering 
co-operative effort has thus become one of 
our definite plans.”’ 

Three steps already taken in the educa- 
tional campaign, Doctor Doherty said, were 
his own report to the boards of the societies, 
“ECPD Should Look Ahead” (EE, July 
41, p. 318-21); the plan of the committee 
on information to prepare informative press 
releases on Council’s work, especially pub- 
lications reaching the engineering profession; 
and finally a plan to encourage sessions for 
discussion of ECPD’s work at meetings of 
the societies. Two such meetings have been 
held and two more are contemplated in this 
connection he called attention to a sugges- 
tion by AIEE Representative J. F. Fairman 
that the way to achieve understanding and 
active interest by the societies in ECPD is 
through their local sections, and that the 
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way to bring this about, in AIEE for ex- 
ample is to have a plan presented and dis- 
cussed at the conference of officers, dele- 
gates, and members, held annually at the 
summer convention. Of the Council’s prob- 
lems the one most likely to attract Sec- 
tion action, according to Mr. Fairman, is 
student selection and guidance; a second, 
suggested by Doctor Doherty, is the work 
of the committee on professional training 
among young graduates. 

Doctor Doherty’s report also touched 
upon high lights of the work of ECPD’s 
various committees, all of which presented 
detailed reports at the meeting. 

Figures on the progress of the accrediting 
program were presented by the committee on 
engineering schools, of which A. A. Potter 
of Purdue University was chairman. Nearly 
all the institutions in the United States 
which grant degrees in engineering have 
voluntarily submitted curricula for inspec- 
tion by the Council’s committee on engi- 
neering schools since the beginning of the 
accrediting program in 1933, that com- 
mittee’s report shows. In 143 of 166 such 
institutions, 896 curricula have been in- 
spected, including reinspection, since 1939, 
of 158 curricula. One or more curricula have 
been accredited in 129 schools. Accredited 
curricula number 460; provisionally ac- 
credited 105; action was deferred on 6; 
and accrediting has been refused to 167. 
Reinspections resulted in change of status 
for only 26 curricula, in no change for 132. 
With the inspection program virtually 
complete, the committee is now engaged 
chiefly with reinspections of those curricula 
provisionally accredited. 

The short engineering courses provided 
by the Engineering Defense Training pro- 
gram should not receive credit toward de- 
grees, the committee on engineering schools 
recommended, pointing out this would inter- 
fere with the primary objective of the 
courses. The defense program has high- 
lighted the lack in the United States of 
facilities for technical education of a grade 
between the engineering college and the 
vocational school, the committee noted, 
announcing the appointment of a subcom- 
mittee to work with the Society for the Pro- 
motion of Engineering Education to de- 
velop a program for accrediting technical 
institutes. Attention was called to the in- 
crease in engineering schools operated for 
private profit and granting engineering de- 
grees under existing state laws. A year’s 
study in such schools, in the opinion of the 
committee, is not equivalent to a year in an 
accredited curriculum. The committee also 
recommended that the Engineers’ Couticil 
for Professional Development continue its 
policy of limiting the variety of engineering 
curricula accredited, accrediting specialized 
curricula only as options under accepted 
general curricula. 

Recognition that the defense program and 
the probable employment problems follow- 
ing the emergency affect the relationship of 
younger engineers to their professional socie- 
ties was indicated in recommendations of 
the Council’s committee on professional 
training, urging immediate consideration of 
these problems. This committee also recom- 
mended that the national engineering socie- 
ties hold clinics for professional guidance. 

A study of the bases of selection of engi- 
neering students to be made jointly by the 
Society for the Promotion of Engineering 


Of Current Interest 


Education and the Engineers’ Council for 
Professional Development was recom- 
mended by the latter’s committee on 
student selection and guidance, which con- 
tinues also to encourage engineers to carry 
on guidance work among high-school stu- 
dents in their communities. A new ECPD 
guidance booklet, “Engineering as a 
Career,” authorized for immediate publica- 
tion, is expected to be available soon to 
take the place of the booklet ‘“‘Engineering— 
A Career, A Culture,” which is out of print. 

During the past year, the Engineers’ 
Council for Professional Development took 
over the sponsorship of a joint committee 
on engineering ethics, representing several 
national engineering societies, and sponsored 
by the American Engineering Council until 
the dissolution of that body. Reporting pre- 
liminary work in the drafting of a canon of 
engineering ethics, the committee recom- 
mended that a statement on the influence of 
ethics on the basis of a profession be pre- 
pared by the Council’s committee on pro- 
fessional recognition. The latter committee 
reported continued study on the problems 
related to professional recognition. 

Reports of the representatives of ECPD’s 
constituent bodies also reflected the growing 
interest in closer co-operation. They were 
concerned chiefly with comments and sug- 
gestions on the work of the Council and acti- 
vities of the societies in support of the work. 

J. B. Challies, speaking for the Engineer- 
ing Institute of Canada, which joined the 
group of ECPD sponsor societies in 1940, 
expressed that organization’s enthusiasm 
about ECPD’s achievements and discussed 
the background of organized engineering in 
Canada and the EIC’s activities in initiat- 
ing a model engineering registration law. 
While the war economy of necessity limits 
present activities, the EIC has set up a com- 
mittee concerned with “servicing the young 
engineer” and is preparing a Canadian edi- 
tion of ‘‘Engineering as a Career’’. 

Hope for greater understanding and co- 
operation between the American Institute 
of Chemical Engineers and ECPD was ex- 
pressed by S. D. Kirkpatrick, who spoke 
of the special position of that organization 
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Notes on List of Accredited Curricula 
(See Facing Page) 


(a). Accrediting applies to both the day and even- 
ing curricula, 


(0). Accrediting applies to the 4-year and 5-year 
curricula leading to the bachelor of science degree. 


(c) Accrediting applies to day and to 6-year even- 
ing curricula in the Cooper Union Night School of 
Engineering as submitted to ECPD. 


(d). Accrediting applies only to curriculum as sub- 
mitted to ECPD and upon completion of which a 
certificate is issued by Harvard University certify- 
ing that the student has pursued such a curriculum. 


(e). The accrediting of a curriculum in general 
engineering implies satisfactory training in engi- 
neering sciences and in the basic subjects pertaining 
to several fields of engineering; it does not imply 
the accrediting, as separate curricula, of those com- 
ponent portions of the curriculum such as civil, 
mechanical, or electrical engineering that are usually 
offered as complete professional curricula leading to 
degrees in these particular fields. 


(f). On July 24, 1940, Illinois Institute of Tech- 
nology was formed by the consolidation of Armour 
Institute of Technology and Lewis Institute. 
Curricula now listed under Illinois Institute *jof 
Technology were formerly listed under Armour In- 
stitute of Technology. i 


ELECTRICAL ENGINEERING 


| 


4 Akron, University of: Electrical, me- 
_ chanical (industrial and aeronautical 


options) 
Alabama Polytechnic Institute: Civil, 


electrical, mechanical 


Alabama, University of: Aeronauti- 
eal, civil, electrical, industrial, me- 


_ chanical, mining 


Alaska, University of: Civil, mining 
(including metallurgical and geo- 
logical—options) 


Arizona, University of: 
trical, mechanical, mining 


Arkansas, University of: 
trical, mechanical 


Brooklyn Polytechnic Institute: Chem- 
ical (day and 8-year evening), civil, 
electrical*, mechanical¢ 


Brown University: Civil, electrical, 
mechanical 


Bucknell University: Civil, electrical, 
mechanical 


California Institute of Technology: 
Aeronautical (5- and 6-year courses), 
chemical (5-year course), civil, elec- 
trical, mechanical 


California, University of: Civil, elec- 
trical, mechanical, metallurgical (met- 
allurgy), mining, petroleum 


Carnegie Institute of Technology: 
Chemical, civil?, electrical*, industrial 
(management)*, mechanical*, metal- 
lurgical® 

Case School of Applied Science: 
Chemical, civil, electrical, mechanical, 
metallurgical 


Catholic University of America: Aero- 
nautical, architectural, civil, electrical 


Cincinnati, University of: Aeronauti- 
cal, chemical, civil, electrical, mechani- 
cal 


The Citadel: Civil 


Clarkson College of Technology: 
Chemical, civil, electrical, mechanical 


Civil, elec- 


Civil, elec- 


Clemson Agricultural College: Civil, 
electrical, mechanical 
Colorado School of Mines: Geologi- 


cal, metallurgical, mining, petroleum 


Colorado State College: Civil, elec- 
trical, mechanical 

Colorado, University of: Architec- 
tural, civil, electrical, mechanical 
(includes aeronautical option) 
Columbia University®: Chemical, 


civil, electrical, industrial, mechanical, 
metallurgical, mining 


Connecticut, University of: 
electrical, mechanical 


Cooper Union Institute of Technology: 
Chemical, civil*, electrical*, mechani- 
cal¢ 

Cornell University: Chemical, civil, 
electrical, industrial (administrative), 
mechanical 


Dartmouth College: Civil 


Delaware, University of: 
civil, electrical, mechanical 


Electrical 


Civil, 


Chemical, 


Denver, University of: 


Detroit, University of: 
architectural, chemical, 
trical, mechanical 
Drexel Institute: Chemical, civil, elec- 
trical, mechanical 


Duke University: Civil, electrical, me- 
chanical 

Florida, University of: Civil, electri- 
cal, industrial, mechanical 


George Washington University: Civil, 
electrical, mechanical 


Georgia School of Technology: Aero- 
nautical, chemical (including co-opera- 


Aeronautical, 
civil, elec- 


(Subject to revis 


tive curriculum), civil, electrical, me- 
chanical 


Harvard University’: Civil, com- 
munication, electrical, industrial (en- 
gineering and business administra- 
tion), mechanical, metallurgical 
(physical metallurgy), sanitary 


Idaho, University of: Civil, electrical, 
mechanical, metallurgical (metal- 
lurgy), mining 


Illinois Institute of Technology (Ar- 
mour College of Engineering): 
Chemical, civil, electrical, mechanical 


Illinois, University of: Architectural, 
ceramic (technical option), chemical, 
civil, railway civil, electrical, railway 
electrical, general*, mechanical, rail- 
way mechanical, metallurgical, mining 


Iowa State College: Agricultural, 
architectural, ceramic, chemical, civil, 
electrical, general*, mechanical 


Iowa, State University of: 
civil, electrical, mechanical 


Johns Hopkins University: 
civil, electrical, mechanical 


Kansas State College: Agricultural, 
architectural, civil, electrical, me- 
chanical 


Chemical, 


Chemical, 


Kansas, University of: Architectural, 
civil, electrical, mechanical, mining 


Kentucky, University of: Civil, elec- 
trical, mechanical, metallurgical, min- 
ing 


Lafayette College: Civil, electrical, 
industrial (administrative), mechani- 
cal, metallurgical, mining 


Lehigh University: Chemical, civil, 
electrical, industrial, mechanical, met- 
allurgical, mining 

Louisiana State University: Chemi- 
eal, civil, electrical, mechanical, pe- 
troleum 


Louisville, University of: Chemical, 


civil, electrical, mechanical 


Maine, University of: Civil, electri- 


eal, general’, mechanical 
Manhattan College: Civil, electrical 


Marquette University: Civil, electri- 
cal, mechanical 


Maryland, University of: 
trical, mechanical 


Massachusetts Institute of Technol- 
ogy: Aeronautical, building engineer- 
ing and construction, chemical, civil, 
electrical, electrochemical, general?, 
industrial (business and engineering 
administration), mechanical, metal- 
lurgical (metallurgy), naval architec- 
ture and marine engineering (including 
marine transportation), public health, 
sanitary 

Michigan College of Mining and Tech- 
nology: Civil, electrical, mechanical, 
metallurgical, mining 


Michigan State College: 
trical, mechanical 


Civil, elec- 


Civil, elec- 


Michigan, University of: Aeronautical, 
chemical, civil, electrical, engineering 
mechanics, mechanical, metallurgi- 
cal, naval architecture and marine 
engineering, transportation 


Minnesota, University of: Aeronauti- 
eal, chemical, civil, electrical, mechani- 
cal, metallurgical, mining, petroleum 


Mississippi State College: Civil, elec- 


trical, mechanical 


Missouri School of Mines and Metal- 
lurgy: Ceramic, civil, electrical, 
metallurgical, mining (mine) (includ- 


ing petroleum option) 
Missouri, University of: Chemical, 
civil, electrical, mechanical 


Montana School of Mines: 
cal, metallurgical, mining 


Geologi- 


Montana State College: 
trical, mechanical 


Civil, elec- 


Nebraska, University of: Agricul- 
tural, architectural, civil, electrical, 
mechanical 


Nevada, University of: 
mechanical, mining 


Electrical, 


New Hampshire, University of: Civil, 
electrical, mechanical 


New Mexico School of Mines: Geologi- 
eal (both mining and petroleum op- 
tions), 


metallurgical, mining, pe- 
troleum 
New Mexico State College: Civil, 
electrical, mechanical 
New Mexico, University of: Civil, 


electrical, mechanical 


New York, College of the City of: 
Civil, electrical, mechanical 


New York State College of Ceramics 
(at Alfred University): Ceramic 


New York University: Aeronautical, 
chemical (day and 7-year evening), 
civil?, electrical?, industrial (adminis- 
trative), mechanical 


Newark College of Engineering: Civil, 
electrical, mechanical 


North Carolina State College: 
ramic, civil, electrical, mechanical 


North Dakota Agricultural College: 
Architectural, mechanical 


North Dakota, University of: Chemi- 
cal, civil, electrical, mechanical, min- 
ing 

Northeastern University: Civil, elec- 
trical, industrial, mechanical 


Ce- 


Northwestern University: Civil, elec- 


trical, mechanical 


Norwich University: Civil, electrical 


Ohio State University: Ceramic, 
chemical, civil, electrical, industrial, 
mechanical, metallurgical, mining 
(mine) 

Oklahoma Agricultural and Mechani- 
cal College: Civil, electrical, indus- 
trial, mechanical 


Oklahoma, University of: Architec- 
tural, chemical, civil, electrical, me- 
chanical, petroleum 


Oregon State College: Civil, elec- 


trical, mechanical 


Pennsylvania State College: Archi- 
tectural, ceramic (ceramics), chemical, 
civil, electrical, electrochemical, fuel 
technology, industrial, mechanical, 
metallurgical (metallurgy), mining, 
petroleum and natural gas, sanitary 


Pennsylvania, University of: Chemi- 


eal, civil, electrical, mechanica! 


Pittsburgh, University of: Chemical, 
civil, electrical, industrial, mechani- 
cal, metallurgical, mining, petroleum 


Pratt Institute: 
cal 


Electrical, mechani- 


Princeton University: Chemical, civil, 
electrical, mechanical 


Purdue University: Chemical, civil, 
electrical, mechanical, metallurgical 


Rensselaer Polytechnic Institute: 
Aeronautical, chemical, civil, electri- 
cal, industrial, mechanical, metallurgi- 
cal 


Rhode Island State College: 
electrical, mechanical 


Civil, 


Rice Institute: Chemical, civil, elec- 
trical, mechanical 


Rochester, University of: Chemical, 


mechanical 


Rose Polytechnic Institute: 
electrical, mechanical 


Civil, 
Civil, electrical, 


Rutgers University: 
mechanical, sanitary 
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ion. For basis of accrediting see ELECTRICA 


Santa Clara, University of: Civil, 
electrical, mechanical 
South Dakota State College: Civil, 


electrical, mechanical 


South Dakota State School of Mines: 
Civil, electrical, general’, metallurgi- 
cal, mining 


Southern California, University of: 


Petroleum 


Southern Methodist University: Civil, 
electrical, mechanical 


Stanford University: Civil, electrical, 
mechanical, metallurgical, mining, pe- 
troleum 


Stevens Institute of 


General? 


Technology: 


Swarthmore College: Civil, electri- 


cal, mechanical 


Syracuse University: Chemical, civil, 
electrical, industrial (administrative), 
mechanical 


Tennessee, University of: Chemical, 


civil, electrical, mechanical 


Texas, Agricultural and Mechanical 
College of: Civil, electrical, mechani- 
cal, petroleum (4- and 5-year courses) 


Texas Technological College: Civil, 
electrical, mechanical 


Texas, University of: Architectural, 
civil, electrical, mechanical, petroleum 
(petroleum production) 


Tufts College: 
chanical 


Tulane University of Louisiana: Civil, 
electrical, mechanical 


Civil, electrical, me- 


Tulsa, University of: Petroleum (in- 
cluding options in refining and produc- 
tion) 4 

Union College: 


United States Coast Guard Academy: 
General® 


Utah State Agricultural College: Civil 


Utah, University of: Civil, electrical, 
mechanical, metallurgical, mining 


Vanderbilt University: 
cal, mechanical 


Civil, electrical 


Civil, electri- 


Vermont, University of: Civil, elec- 


trical, mechanical 


Villanova College: 
mechanical 


Military Institute: 


Civil, electrical, 
Virginia Civil, 
electrical 

Virginia Polytechnic Institute: Ce- 
ramic, chemical, civil, electrical, indus- 
trial, mechanical 


Virginia, University of: Civil, electri- 


cal, mechanical 

Washington, State College of: Archi- 
tectural, civil, electrical, mechanical 
(basic option), metallurgical, mining 
Washington University: Architectural, 
civil, electrical, industrial (administra- 
tive), mechanical 

Washington, University of: Aeronaut- 


ical, ceramic, chemical, civil, electrical, 
mechanical, metallurgical, mining 


Webb Institute of Naval Architecture: 
Naval architecture and marine engi- 
neering 


West Virginia University: Civil, elec- 
trical, mechanical, mining 
Wisconsin, University of: Chemical, 


civil, electrical, mechanical, metallur- 
gical, mining 

Worcester Polytechnic Institute: Civil, 
electrical, mechanical 


Wyoming, University of: 
trical, mechanical 


civil, elec- 


Chemical, civil, elec- 
metallurgical 


Yale University: 
trical, mechanical, 
(metallurgy) 


(Continued from page 608) 
in regard to accrediting and stated that its 
procedure had recently been “‘streamlined”’ 
for greater efficiency. In support of the ac- 
crediting program, the American Society of 
Civil Engineers, by recent action of its board 
of direction, has voted that student chapters 
at institutions where the civil-engineering 
curricula have not been accredited by ECPD 


by January 1, 1944, would have their char- 


ters withdrawn at that time, G. W. Burpee 
reported for ASCE. That society has sug- 
gested that ECPD limit accrediting to the 
five major engineering fields and general 
engineering. 

Declaring that the presentation and dis- 
cussion of representatives’ reports should 
stimulate activity by the participating 


bodies and keep the representatives alert to - 


tangible evidences of co-operation with 
ECPD, J. F. Fairman, AIKE representative, 
stated that arrangements had been made 
for the discussion of ECPD objectives and 
activities at the conference of officers, dele- 
gates, and members at the 1942 AIEKE sum- 
mer convention, to which Doctor Doherty 
had already referred. The AIEE committee 
on education plans to hold a conference at 
the 1942 winter convention and a séssion at 
the North Eastern District meeting in April 
1942 on subjects relating to ECPD activi- 
ties. The AIEE Sections committee has 
been studying ECPD proposals with refer- 
ence to furthering student-guidance pro- 
grams through local Sections. 

Two suggestions for additional activities 
by ECPD were made by W. R. Chedsey, in- 
coming representative of the American In- 
stitute of Mining and Metallurgical Engi- 
neers. One was preparation of a booklet 
offering guidance to engineering graduates, 
supplementing “Engineering as a Career’’; 
the other was ‘‘the encouragement, and 
possibly some aid in direct development of 
personnel methods, through the use of 
scientific and engineering aids—in other 
words, assisting in the development of so- 
called human engineering.”’ A booklet pro- 
viding orientation for the engineering stu- 
dent and the recent graduate was also recom- 
mended by N. W. Dougherty, representing 
the National Council of State Boards of 
Engineering Examiners, who urged closer 
co-operation between that body and ECPD. 

Joint sessions of ECPD and The American 
Society of Mechanical Engineers held in 
June 1941 were sponsored by the ASME 
committee on education and training for the 
industries, which also sent copies of ECPD’s 
eighth annual report to section chairmen 
for study, R. L. Sackett reported for the 
ASME representative A. R. Stevenson, Jr. 

More practicing engineers should be ap- 
pointed to ECPD, particularly to the ac- 
crediting committee, according to R. A. 
Seaton, representative of the Society for 
Promotion of Engineering Education who 
characterized ECPD as “practically the 
only co-ordinating agency in the engineering 
profession”. ECPD should also urge more 
participation by practicing engineers in the 
vocational guidance work of the societies 
and in the administration of engineering 
schools, he said. He also urged ECPD to 
work for greater uniformity among the 
engineering societies in admission and mem- 
bership-grade requirements. SPEE has 
limited its institutional memberships in the 
United States to schools with accredited 
curricula, Dean Seaton reported. 
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Attendance at the annual meeting was 
much the largest ever recorded, partly be- 
cause of the concurrent annual meeting of 
NCSBEE (see page 614). CPD officers 
elected for 1941-42 are: 


R.E. Doherty, president of Carnegie Institute of 
Technology, Pittsburgh, Pa., chairman (re-election) ; 
H. T. Woolson, executive engineer, Chrysler Cor- 
poration, vice-chairman (re-election); H. H. Hen- 
line, national secretary, American Institute of 
Electrical Engineers, New York, N. Y., secretary; 
A. B. Parsons, secretary, American Institute of 
Mining and Metallurgical Engineers, New York, 
N. Y., assistant secretary. 


Newly elected committee chairmen are: 


D. B. Prentice, president, Rose Polytechnic Insti- 
tute, Terre Haute, Ind., committee on engineering 
schools; E. S. Lee, engineer, general engineering 
laboratory, General Electric Company, Schenec- 
tady, N. Y., committee on professional training; 
G. Ross Henninger, editor, American Institute of 
Electrical Engineers, New Vork, N. Y., committee 
oninformation. The following committee chairmen 
were re-elected for the coming year: R. L. Sackett, 
dean emeritus of engineering, Pennsylvania State 
College, New York, N. Y., committee on student 
selection and guidance; C. F. Scott, professor 
emeritus of electrical engineering, Yale University, 
New Haven, Conn., committee on professional 
recognition; D. C. Jackson, professor emeritus of 
electrical engineering, Massachusetts Institute of 
Technology, Cambridge, Mass., committee on 
engineering ethics. 


Members of the executive committee are: 


G. W. Burpee, consulting engineer, Coverdale and 
Colpitts, New York, N. Y., ASCE; A. R. Steven- 
son, Jr., General Electric Company, ASME; J. F. 
Fairman, Consolidated Edison Company of New 
York, Inc., AIEE; C. C. Williams, president, 
Lehigh University, Bethlehem, Pa., SPEE; B. F. 
Dodge, Yale University, New Haven, Conn., 
AIChE; C. F. Scott, professor emeritus, Yale 
University, NCSBEE; J. B. Challies, Shawinigan 
Water and Power Company, Montreal, Que., EIC; 
AIME representative to be appointed. 


The executive committee will assume also 
the duties of the committee on ways and 
means. 

Speakers at the 1941 annual dinner, held 
at the Engineers’ Club, New York, October 
30, 1941, included N. W. Dougherty, dean 
of engineering University of Tennessee, 
Nashville; A. H. White, president, SPEE; 
and J. F. Fairman, Consolidated Edison 
Company of New York, Inc. Mr. Fairman’s 
talk appears on pages 606-07. 


National Deltence 


Engineers Defense Board 
Established by Societies 


To provide a central agency that will be 
prepared to assist the various branches of the 
government with engineering knowledge 
and experience on questions connected with 
military preparedness, six national engineer- 
ing societies have joined to organize the 
Engineers Defense Board. Organization 
plans were completed during September, and 
since that time the Board and its executive 
committee have held several meetings. The 
most recent meeting was that held Novem- 
ber 13 at Washington, D. C., jointly with 
the committee on metals and minerals of 
the National Academy of Sciences, at which 
“critical’’ materials formed the principal 
subject of discussion. Several committees 
have been appointed and already are giving 
attention to such problems as: steel con- 
servation, waste materials, nickel and nickel- 


Of Current Interest 


steel alloys, substitutes for copper, and 
aluminum. 

Among the functions of the organization, 
as stipulated in its officially adopted state- 
ment of purposes and plan of organization, 
are: 


1. To serve as a channel to inform engineers gen- 
erally regarding defense problems, especially those 
involving shortages of materials. 


2. To implement and make applicable reports and 
recommendations of the advisory committees of the 
National Academy of Sciences. 


3. To urge engineers (a) to adopt procedures look- 

ing toward accomplishment of the objective of de- 

fense agencies; (b) to promote means of increasing - 
production of raw materials in which shortages exist; 

(c) to conserve the supply of industrial materials; 

(d) to find substitutes; and (e) to simplify opera- 

tions and production. 


4. To act asa clearing house between engineers or 
engineering groups for information regarding sub- 
stitute materials, waste prevention, and conserva- 
tion. 


5. To appoint, on request of the Army, Navy, or 
other defense agency, special committees of engi- 
neers to deal with specific engineering problems 
related to defense. 


6. To select problems or projects dealing with de- 
fense and to study them with due regard to activi- 
ties of existing agencies. 

Initially, the Board consists of five repre- 
sentatives from each of the six participating 
societies: American Society of Civil Engi- 
neers, American Institute of Mining and 
Metallurgical Engineers, American Society 
of Mechanical Engineers, AIEE, Society of 
Automotive Engineers, and American Insti- 
tute of Chemical Engineers. To these may 
be added one or more representatives of 
such other national engineering societies as 
may be invited to participate, and such ad- 
ditional representatives of the six partici- 
pating societies as may be requested. The 
activities of the Board are administered by 
an executive committee consisting of a chair- 
man, a vice-chairman, and a secretary, 
elected by the other members of the execu- 
tive committee, and one representative of 
each of the six participating societies ap- 
pointed by the governing bodies of the re- 
spective societies. 

R. E. McConnell, consultant, Office of 
Production Management, has been named 
chairman of the Engineers Defense Board; 
H. S. Rogers, president, Brooklyn Poly- 
technic Institute, vice-chairman; and A. B. 
Parsons, secretary, American Institute of 
Mining and Metallurgical Engineers, secre- 
tary of the Board. Representing the six 
participating societies, the following have 
been named members of the Board: 

American Society of Civil Engineers. C. S. Proctor, 
consulting engineer, New York, N. Y.; R. E. 
Dougherty, vice-president, improvements and de- 
velopments, New York Central System, New York, 
N. Y.; C. F. Goodrich, chief engineer, American 
Bridge Company, Pittsburgh, Pa.; R. R. MeMath, 
chairman of the board, Motors Metal Manufactur- 
ing Company, Detroit, Mich.; J. P. H. Perry, vice- 


president, Turner Construction Company, New 
York, N. Y. 


American Institute of Mining and Metallurgical 
Engineers. J. F. Thompson, executive vice-presi- 
dent, International Nickel Company, New York, 
N. Y.; Zay Jeffries, technical director, lamp de- 
partment, General Electric Company, Cleveland, 
Ohio; Wilber Judson, vice-president, Texas Gulf 
Sulphur Company, New York, N. Y.; Frederick 
Laist, metallurgical manager, Anaconda Copper 
Mining Company, New York, N. Y.; Wilfred Sykes, 
president, Inland Steel Company, Chicago, III. 


American Society of Mechanical Engineers. R. M. 
Gates, president, Air Preheater Company, New 
York, N. Y.; H. V. Coes, industrial department, 
Ford, Bacon and Davis, Inc., New Work Nays 
K. H. Condit, dean of engineering, Princeton Uni- 
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versity, Princeton, N. J.; J. W. Parker, vice- 
‘President and chief engineer, Detroit Edison Com- 
pany, Detroit, Mich.; W. R. Webster, chairman of 
os board, Bridgeport Brass Company, Bridgeport 

‘onn, j 


American Institute of Electrical Engineers. iE Sie 
Barnes, Jr., commercial vice-president, General 
Electric Company, New York, N. Y.; C. A. Adams, 
consulting engineer, E. G. Budd Manufacturing 
Company, Philadelphia, Pa.; C. B. Joliffe, engineer 
in charge, frequency bureau, Radio Corporation 
of America, New York, N. Y.; R. L. Jones, director 
of apparatus development, Bell Telephone Labora- 
\ tories, New York, N. Y.; Philip Sporn, vice-presi- 
dent in charge of engineering, American Gas and 
Electric Service Corporation, New York, N.Y: 


Society of Automotive Engineers. C. L. McCuen 
vice-president and chief engineer, General Motors 
Corporation, Detroit, Mich.; F. W. Caldwell, di- 
rector of research, United Aircraft Corporation, 
; East Hartford, Conn.; C. E. Frudden, Allis- 
Chalmers Manufacturing Company, Milwaukee, 
; Wis.; Arthur Nutt, vice-president, Wright Aero- 
_ nautical Corporation, Paterson, N. J.; N. G. Shidle, 
_ editor, SAE Journal, New York, N. Y.: ARG OE 
_ Zeder, chief engineer, Chrysler Corporation, De- 
troit, Mich. 


American Institute of Chemical Engineers. F. W. 
_ Willard, president, Nassau Smelting and Refining 
Company, New York, N. Y.; Webster Jones, 
Carnegie Institute of Technology, Pittsburgh, Pa.; 
R. L. Murray, vice-president, Hooker Electro- 
chemical Company, Niagara Falls, N. Y.; A. J. 
Weith, manager of research, Bakelite Corporation, 
Bloomfield, N. J.; A. E. Wilson, president, Pan 
American Petroleum and Transport Company, New 
York, N.Y. 

The executive committee, as now con- 
stituted, consists of Chairman McConnell, 
Vice-Chairman Rogers, Secretary Parsons, 
C. S. Proctor (ASCE), J. F. Thompson 
(AIME), R. M. Gates (ASME), H. H. 
Barnes, Jr. (AIEE), C. L. McCuen (SAE), 
and F. W. Willard (AICE). 


Lighting and the Defense Program 
Discussed by Killian Before IES 


The importance of good lighting as a tool 
in the national-defense program was stressed 
in an address by Thomas J. Killian (A’35) 
technical director, The Frink Corporation, 
Long Island City, N. Y., at a ‘Residential 
Lighting Forum” held recently by the Illu- 
minating Engineering Society. Mr. Killian 
discussed not only the vital role of lighting in 
industrial defense production, but also the 
place of residential lighting in the defense 
program. He also outlined the efforts being 
made by manufacturers of lighting equip- 
ment to conserve critical materials through 
simplification of design and the use of sub- 
stitute materials. Essential substance of 
Mr. Killian’s address follows. 

Good lighting has proved to be a powerful 
tool in the defense program. It is now in- 
creasingly recognized that high levels of il- 
lumination promote speed, accuracy, sus- 
tained production effort, and safe operation. 
Industrial engineers and architects have in- 
stalled levels of illumination ranging from 
25 to 100 foot-candles, which increase the 
ease and speed of seeing, reduce eye strain 
and fatigue, and give all employees an equal 
opportunity to see naturally, whether work- 
ing near windows or away from them. Itis 
an obvious truism that good artificial illu- 
mination makes possible better utilization 
of floor space and permits arrangements of 
machines, work tables, and production lines 
for a most efficient sequence of operations, 
with little or no dependence upon natural- 
lighting facilities. This makes 24-hour 
operation practical with no penalty to the 
night shift. 
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Good illumination has made possible the 
now famous windowless buildings and black- 
out plants. In England it has been found 
that in blacked-out factories good lighting is 
essential for the morale of the workman as 
well as his health. In the Transactions of 


must be used wherever practical. Outdoor 
fixtures must be of cast or wrought ferrous 
metals. There will also be provided addi- 


tional materials for over 100,000 defense 
housing units being built by the Govern- 
ment. 


An illumination level of 30-35 foot-candles is provided in the plant of the Kelsey-Hayes 
Wheel Company, Detroit, Mich., by two-lamp fluorescent units using 100-watt white lamps; 
spacing 10 feet by 13 feet 4 inches; mounting height, 15 feet 


the British Illuminating Engineering So- 
ciety for June 1941 appears the following 
pertinent statement: 


“Experience has shown that a few months work in a 
blacked-out factory may result in marked deteriora- 
tion in physical and nervous condition, a waste of 
vital human assets. Faulty lighting produces eye 
strain, which in turn causes nervous disorder and 
the lighting engineer has a greatly increased re- 
sponsibility for industrial health when the eyes are 
denied lengthy recuperative periods in natural day- 
light.” 


It is obvious from the plants now built 
or being built that the Government recog- 
nizes lighting as a powerful tool in its na- 
tional-defense program. This is proved by 
the fact that industrial-lighting equipment 
is given the same priority as machine-tool 
equipment. In commercial lighting it is 
also realized that the speed and accuracy of 
the eye has a greater influence on the speed 
and accuracy of all kinds of defense work 
than any other factor. Carefully engi- 
neered commercial equipment has been 
specified and used in drafting rooms, engi- 
neering departments, offices, schools, and 
other important areas. 


RESIDENTIAL LIGHTING 


When we come to the subject of residen- 
tial lighting, we find again that the Govern- 
ment recognizes that good lighting is essen- 
tial to the health and morale of all, and es- 
pecially the defense workers. The first 
major step in this recognition is the project- 
priority-rating plan for privately financed 
real-estate developments of low-cost hous- 
ing in defense areas. These ratings will in- 
sure materials for the building of up to 
200,000 homes throughout the country. The 
ratings are applicable to materials on the 
defense-housing critical list of the Office of 
Production Management, which includes 
electrical-wiring supplies, devices, and light- 
ing fixtures. As in other types of lighting 
fixtures the use of aluminum and solid brass 
or bronze is barred, but copper and brass 
plating is permissible. Indoor fixtures 
must be of light-gauge spinnings, stampings, 
or drawings and nonmetallic elements 
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So far there have been few restrictions 
regarding the production of lighting equip- 
ment. However, there is a definite shortage 
of metals, which at present is in the follow- 
ing order: magnesium, aluminum, nickel, 
copper, zinc, lead, iron, and steel. Manu- 
facturers are doing all they can to substitute 
and conserve critical metals. Some spe- 
cific examples of what they are doing are as 
follows: 


1. The use of nickel bas been eliminated in the 
manufacture of lamps and lighting fixtures. 


2. As no aluminum has been available since Octo- 
ber 1, steel and ferrous metals have, in general, 
been substituted. 


3. Ferrous metals have been substituted for brass 
in the production of screw-machine parts. 


4. Glass and plastics are being substituted for 
metals wherever possible. 


5. The thickness or gauge is being reduced as far 
as possible without increasing hazards. 


6. The tubing or shell for pipe suspensions is being 
eliminated wherever possible. 


7. Designs are being simplified and ornaments with 
no practical purpose are being eliminated. 


8. Ceiling canopies are being simplified. 


9. Further simplification has been obtained by a 
reduction in the number of catalog items. 


Because the situation is changing so 
rapidly, it is difficult to draw specific con- 
clusions. However, manufacturers are 
urged to avoid ‘“‘panic’”’ buying, thus paying 
speculator’s prices for materials; not only 
is this costly, but would invite further Gov- 
ernmental control. To substitute, reclaim, 
and conserve critical materials is the way to 
extend and expedite our defense effort. 
There is a reasonable chance that intelligent 
study and application of new materials will 
forestall dangerous reduction in quality of 
the equipment. The lighting industry is a 
tool industry, defined as a means for doing 
work. 

If the greatness of a tool is measured by 
its capacity for doing useful work, we can 
forecast for lighting a medal of honor in the 
national-defense program. 
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All Critical Materials to Be Allocated 


Preparation for the allocation of all 
critical materials throughout American in- 
dustry was called for November 7, in parallel 
actions by the Supply Priorities and Alloca- 
tions Board and the Office of Production 
Management. SPAB announced that it had 
authorized its executive director to request 
OPM to obtain detailed production pro- 
grams, industry by industry, for 1942. It 
stipulated that these programs should con- 
tain ample information to indicate the 
month-by-month requirements of critical 
materials needed for the production of mili- 
tary, industrial, and civilian items, and es- 
sential public services. It also directed that 
these programs should show similar require- 
ments for repair parts and capital expendi- 
tures. OPM issued an administrative order 
setting up the machinery by which the 
whole program of requirements is to be de- 
veloped, outlined the manner in which the 
various industrial branches and other units 
of OPM are to work together toward this 
end, and instituted a new system of handling 
preference ratings in harmony with this 
program. The program is expected to give 
greater certainty to American business and 
industry, and a clear over-all picture of the 
nation’s total requirements for raw materials 
to defense officials. 

In substance the development of an alloca- 
tion program will proceed roughly as follows: 
An industrial branch in OPM takes the first 
step, calling on its several sections to de- 
velop requirements programs for each in- 
dustry that manufactures the products for 
which the branch is responsible. Each pro- 
gram is built up by the branch or by its 
section, through consultation with the in- 
dustry advisory committee involved and 
also through discussion with either or both 
of the armed services, depending on the 
nature of the product and the materials 
used in its manufacture. When this has 
been done, the officers of the industrial 
branch who have the program in charge dis- 
cuss the entire matter with the industrial 
branches that have jurisdiction over the 
materials or the products out of which the 
article in question is made. Agreement is 
reached between the branches as to the 
amount of material that can be allocated, 
and so on. 

Thus, in effect, each program would 
originate with the group which is responsible 
for the end product, the raw-materials 
groups coming into the picture in an ad- 
visory and consultative capacity. Since all 
programs must be decreased or increased as 
armament production rises, each one will 
be framed so that it can be modified upward 
or downward in case of need. When a pro- 
gram has been drawn up, it will be reviewed 
carefully in order to cut down the use of 
critical materials to the greatest possible 
extent through simplification of lines, sub- 
stitution, and so on. The OPM Bureau of 
Industrial conservation will work with and 
through the industrial branches to accom- 
plish this. 


CONSERVATION THROUGH SIMPLIFICATION 
URGED 


Manufacturers in every field are being 
urged by the Bureau of Industrial Conserva- 
tion to consider how they might reduce the 
number of varieties or styles of their prod- 
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ucts. Such a simplification program is 
needed to save vital materials for national 
defense as well as for civilian supply. Pro- 
posals by each industry for simplification 
programs will be welcomed by the Bureau, 
which is also prepared to aid and advise each 
industry on the subject. In addition, in- 
dustry advisory committees, already set up 
within OPM to deal with problems spring- 
ing from the demands of the defense pro- 
gram, will be used to work out programs of 
simplification. 

It is the task of the Bureau of Industrial 
Conservation to inaugurate and conduct a 
“war on waste” combining and expanding 
to a great degree all previous efforts aimed 
at conserving the nation’s resources. Sim- 
plification is being urged by the Bureau as 
one of the most direct and important meth- 
ods of conservation of critical materials. 


Power Curtailment in 
Southeast Postponed 


Moderate to heavy rains, plus increased 
power deliveries into the shortage area 
through power-pooling arrangements have 
made possible postponement of the 
power-curtailment program originally sched- 
uled to go into effect November 10 in seven 
Southeastern states. The 30 per cent cur- 
tailment scheduled for Georgia, Tennessee, 
Alabama, East Mississippi, Southeast North 
Carolina and Northwest Florida was post- 
poned for a limited time; the 5 per cent 
curtailment scheduled for the remainder of 
South Carolina and North Carolina was 
postponed indefinitely. Immediate and 
willing cooperation by the public with the 
“blackout”? provisions of the order affecting 
nonessential lighting services also con- 
tributed to the improved situation. The 
“blackout’’ provisions, however, will con- 
tinue in effect in the entire area. 

The original program called for: 


1. Curtailment of power by large commercial and 
industrial users in seven states (vital defense indus- 
tries and a few others providing essential civilian 
services exempt). 


2. Immediate discontinuance of the use of power 
for such nonessential services as sign lighting, show- 
window lighting, and floodlighting of athletic fields. 


3. Immediate mandatory pooling of power by 
interconnected systems of 40 publicly and privately 
owned companies in 13 states. 


Rapidly mounting power needs caused by 
new and expanding defense industries and 
prolonged drought conditions created the 
shortage, which has been estimated as high 
as 72,000,000 kilowatt-hours a week by J. 
A. Krug, head of the power section, Office 
of Production Management. Under the 
general limitation order issued October 30 
by Donald Nelson, director of priorities, a 
consumer could use up to 10,000 kilowatt- 
hours per month at a rate of not more than 
2,500 kilowatt-hours per week without be- 
ing curtailed. Thus residential and small 
commercial consumers would not be af- 
fected, except that they may not use power 
for the prohibited services. The curtailment 
order would apply to every nonexempt con- 
stumer who used more than 10,000 kilowatt- 
hours during the month for which his meter 
was read between September 15 and October 
14, inclusive. 

Exemptions from the curtailment order 
were provided for operations found by the 
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director of priorities to be essential to na- 
tional defense or to essential civilian serv- 
ices. Seven groups of consumers were 
listed as exempt from the mandatory curtail- 
ment provisions. They include: 

1. The following federal, state, county, and muni- 


cipal services: fire, police, and essential state and 
highway lighting. 


2. The following essential community services: 
churches, hospitals, newspapers, refrigeration, and 
food-preservation plants. 


3. Transportation services, street cars, railways, 
waterways, airports, oil and gas lines and pumping 
stations, and shops used exclusively for transporta- 
tion services. : 


4. Communications services, including postoffices, 
radio, telephone and telegraph, and traffic control. 


5. Waterworks, pumping stations, and sewage-dis- 
posal plants. 


6. Military establishments. 


7. Plants exclusively engaged in the production of 
any of the following munitions or materials: air- 
planes and airplane engines; naval ships; merchant 
ships; ordnance items including guns, ammunitions, 
explosives, and combat vehicles; aluminum; mag- 
nesium; copper or brass; zinc; manganese; 
mercury; ferroalloys; abrasives; graphite elec- 
trodes; forgings; machine tools; artificial gas. 


New Defense Plant Construction 


Among recently reported industrial-plant 
construction projects related to the national- 
defense program are the following: 


Aluminum Company of America. To sup- 
ply stock for the manufacture of forgings for 
airplane motors and fittings, and rod, bar, 
and wire for national defense industries, this 
company plans to erect a second blooming 
mill at its Massena, N. Y., works. The mill 
and its necessary facilities will be housed in 
steel and brick buildings to cover an area 
of more than 450,000 square feet, and its 
estimated total cost exceeds $15,000,000. 
A completely new melting department will 
be established to serve the blooming mill. 


Allis-Chalmers Manufacturing Company. 
A 500- by 800-foot single-floor windowless 
building to cost more than $9,000,000 is 
being constructed by this company in subur- 
ban Milwaukee, Wis., for the production of 
airplane superchargers. Scheduled for com-— 
pletion in about six months, the building 
will be air-conditioned throughout and 
lighted by fluorescent units. The electrical 
substation for the plant’s power supply will 
be completely enclosed and protected against 
the effects of possible bombing. 


Fairbanks Morse Company. More than 
300,000 square feet of floor space will be 
provided in a new Diesel-engine plant being 
built by this company in Beloit, Wis., at a 
cost of $5,500,000. It will havea frontage of 
660 feet and a depth of 460 feet. Produc- 
tion is expected to be under way in about a 
year. 


General Electric Company. Plans for the 
construction of a new $1,000,000 plant in 
Pittsfield, Mass., for the manufacture of 
synthetic phenol, were announced recently 
by this company. The plant, which is ex- 
pected to be in operation by September 
1942, will comprise four structures. 


Mobile Power Plants for Navy. The 
Bureau of Yards and Docks, Navy Depart- 
ment, has ordered two 10,000-kw mobile 
steam-electric power plants mounted on 
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other on the East Coast. 
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special railway cars from the General Elec- 
tric Company, Schenectady, N. Moi UO) 
supply emergency power wherever its 
projects may require. One unit will be 
centrally located on the West Coast and the 
Each of the two 
units will be housed in two specially built 


railway cars which can be hauled over the 


rails at speeds up to 40 miles per hour. 
The power-generating car will contain a 
10,000-kw turbine-generator and accessories, 
a condenser, and the necessary switchgear. 
The boiler and its auxiliaries, together with 
a starting engine-generating set will be 
housed in the second car. The boilers 
will be oil-fired and will furnish 140,000 
pounds of steam per hour; steam condi- 


' tions: 550-pounds per square inch, 825 


degrees Fahrenheit. The turbines will be 
of single-cylinder design. The three-phase 
60-cycle generators will operate at 3,600 
rpm, and the generated voltage will be 
18,800 volts. 


Westinghouse X-Ray to Move. The ad- 
ministrative departments of the X-ray 
division of the Westinghouse Electric and 
Manufacturing Company will be shifted 
from Long Island City, N. Y., to the radio- 
division plant at Baltimore, Md., about 
January 1, 1942, according to a recent 
announcement by the company. Manu- 
facturing departments, at work on vital 
X-ray equipment for the armed forces, the 
medical profession, and industry, will con- 
tinue in the division’s Long Island City 
factory; manufacturing space will be in- 
creased 26 per cent by the move. Scientific 
and engineering activities for the two divi- 
sions will be centralized at Baltimore. 


Positions to Be Filled Through 
Civil Service Examination 


Notice of the following positions, which 
will be filled through civil service examina- 
tions, is published here as a service to mem- 
bers of the Institute. Application forms 
and full information as to requirements for 
examinations may be obtained from the 
secretary of the Board of United States 
Civil Service Examiners at any first- or 
second-class post office, or from the United 
States Civil Service Commission, Washing- 
ton, D.C. Unless otherwise noted, applica- 
tions will be accepted until further notice. 


Radio Mechanic-Technicians (Amended Announce- 
ment). A sufficient number of persons did not 
apply for the radio mechanic-technician positions 
announced by the Civil Service Commission on 
September 8, 1941 (EE, Oct. ’41, p. 512). Accord- 
ingly, the examination announcement has been 
amended: 

a. To make it ‘‘open continuous’’, that is, ap- 
plications will now be accepted until further notice; 


b. To add the position of chief radio mechanic- 
technician at $2,600 a year; 

c. To modify the experience requirements and to 
provide for the substitution of education for part of 
the experience. 


Naval Ordnance Materials Inspectors. In June of 
this year the U. S. Civil Service Commission an- 
nounced that it was recruiting inspectors of naval 
ordnance materials (see EE, July ’41, p. 359-60). 
Appointments are being made at the Washington 
(D. C.) Navy Yard, Naval Torpedo Station in 
Alexandria, Virginia, and at various contractor 
plants in the field. The examination announce- 
ment covering these positions has just been issued 
in revised form. The need of the Navy Depart- 
ment for junior inspectors ($1,620 a year) is par- 
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ticularly pressing. The possibility of advancement 
is good. Requirements have been modified so 
that the successful completion of an appropriate 
approved National Defense Training course will 
meet the full requirements for this grade, 


Revised Aeronautical Engineering Inspectors Exami- 
nation. The examination for inspectors of aero- 
nautical engineering materials (see EE, Apr. "41, 
Pp. 191) has just been reissued, liberalizing the 
provision for using National Defense Training 
Courses. The completion of any appropriate engi- 
neering defense training course will now be accepted 
for one year of the prescribed education or experi- 
ence. There is a particular need for junior inspec- 
tors of engineering materials and for these positions 
applicants need only have completed an appropriate 
defense training course. Acceptable courses include 
those in tool engineering, gauging and inspection 
methods, instrument design, and related courses in 
materials inspection or engineering fundamentals 
and basic principles. 


Orkher Societies e 


NRC Insulation Conference Held 


Taking a modern topic into an historic 
setting, the National Research Council’s 
14th annual conference on electrical insula- 
tion was held at the Williamsburg Inn., 
Williamsburg, Va., October 30-November 1, 
1941. The registered attendance was 72. 
Progress reports on the following 23 topics 
were presented and discussed: 


1. The Polarization Parameters of Various Di- 
electrics Including Rubber and Their Changes 
With Temperature, R. F. Field, General Radio 
Company. 


2. Susceptance Variation Measurements of Di- 
electric Constant and Dielectric Loss in Insulating 
Materials Between 1 and 50 Megacycles, S. I. Rey- 
nolds, General Electric Company. 


3. An Investigation of the Dielectric Constant 
and Other Physical Properties of Benzene Solutions 
of Several Methacrylate Polymers, L. Ackerman, 
H. C. Ott, and O. M. Arnold, Rensselaer Polytech- 
nic Institute. 


4. A-C-D-C Correlation in Dielectrics, J. B. 
Whitehead and G. S. Eager, Johns Hopkins Uni- 
versity. 


5. Effect of Aging Semiconducting Rubber-Like 
Compounds in Insulating Oil, F. L. Downs, C. R. 
Boytano, and G. M. L. Sommerman, American 
Steel and Wire Company. 


6. Liquid Dielectrics. Power Factor and Re- 
lated Properties of Solutions of Sulfur and Nitrogen 
Compounds in Liquid Paraffins, J. D. Piper, The 
Detroit Edison Company. 


7. Anomalous Relation Between Dielectric 
Strength and Paper Density, W. A. Delmar, C. N. 
Works, and J. H. Palmer, The Phelps Dodge 
Copper Products Corporation. 


8. Temperature, Oxygen, and Stress in Impreg- 
nated Paper Insulation, J. B. Whitehead and W. H. 
MacWilliams, Johns Hopkins University. 


9. The Dielectric Strength and Life of Impreg- 
nated Paper Insulation—III, J. B. Whitehead, 
Johns Hopkins University. 


10. Some A-C Properties of Paper Dielectrics Con- 
taining Chlorinated Impregnants, D. A. McLean 
and C. C. Houtz, Bell Telephone Laboratories. 


11. Effect of Flow in Molding on the Dielectric 
Constant and Power Factor of Rubber-Filler Sys- 
tems, A. H. Scott, National Bureau of Standards. 


12. Semiconducting Shielding for Cables, E. J. 
Merrell, The Phelps Dodge Copper Products Cor- 
poration. 


13. The Impulse Strength of Solid and Gas- 
Filled High Voltage Cables, Andrew Gemant, The 
Detroit Edison Company. 


14. Further Tests on Low Pressure Cable, J. A. 
Scott, General Electric Company. 


15. Progress Report on Aging of Cable Insulation 
Subjected to Elevated Temperatures, Thorstein 
Larsen, Consolidated Edison Company of New 
York. 
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16. A New Test for Evaluating Electrical Insulat- 
ing Oil, J. C. Balsbaugh and A. Q. Assaf, Massa- 
chusetts Institute of Technology. 


17, A Study of the Electric Hygrometer, R. N, 
Aes Consolidated Edison Company of New 
ork, 


18. A Manometric Procedure for the Determina- 
tion of Water in Insulating Oil, R. N. Evans, Con- 
solidated Edison Company of New York. 


19, Wax Formation in Stamp Capacitors, W. N. 
Arnquist and C, EB, Trautman, Gulf Research and 
Development Company. 


20. Dielectric Nomenclature, H. H. Race, Gen- 
eral Electric Company. 


21. The Effect of Corona Deposit on the Flash- 
over Voltage of Suspension Insulator Units, C. L. 
Dawes, Harvard University. 


22. The Electrical Resistance of the Semiconduc- 
tor Copper Iodide, R. J, Maurer, Massachusetts 
Institute of Technology. 


23. Resumé of Recent Insulation Researches Un- 
dertaken by the Research Department of The De- 
troit Edison Company, H. S. Walker, The Detroit 
Edison Company. 


Efforts are being made to complete a 
comprehensive summary of the essential 
substance of these reports, for publication 
in an early issue of ELEcrRICAL ENGINEER- 
ING. 

Doctor Ward F. Davidson (A’14, F’26) 
director of research for the Consolidated 
Edison Company of New York, Inc., will 
continue as chairman of the insulation con- 
ference for 1941-42. Doctor H. H. Race 
of the General Electric Company, Sche- 
nectady, who has been chairman of the com- 
mittee on physics relinquished the chair- 
manship to his vice-chairman, Doctor von 
Hippel, and a new vice-chairman of that 
committee is to be appointed. Otherwise 
the executive committee remains unchanged 
as follows: 


W. F. Davidson, Consolidated Edison Company, 
New York, N. Y., chairman 


Future Meetings of Other Societies 


American Association for the Advancement of 
Science. Winter meeting, December 29-January 
3, 1942, Dallas, Tex. 


American Institute of Mining and Metallurgical 
Engineers. Annual meeting, February 9-12, 
1942, New York, N. Y. 


American Mathematical Society. 48th annual 
meeting, December 29-31, 1941, Bethlehem, Pa. 


American Physical Society. 245th meeting, De- 
cember 19-20, 1941, Stanford University, Calif. 
246th (annual) meeting, December 29-31, 1941, 
Princeton, N. J. 

247th meeting, February 20-21, 
Mich. 


1942, Detroit, 


American Society for Testing Materials. Spring 
meeting, March 2-6, 1942, Cleveland, O. 
American Society of Civil Engineers. Annual 


meeting, January 21-23, 1942, New York, N. Y. 


American Society of Heating and Ventilating Engi- 
neers. 48th annual meeting and seventh inter- 
national heating and ventilating exposition, Janu- 
ary 26-30, 1942, Philadelphia, Pa. 


American Society of Mechanical Engineers. 
Spring meeting, March 23-25, 1942, Houston, Tex. 


Engineering Institute of Canada. 56th annual and 
general professional meeting, February 5-6, 1942, 
Montreal, Que. 

First Pan-American Congress of Mining Engineer- 
ing and Geology. January 11-20, 1942, Santiago, 
Chile, 

Institute of Aeronautical Sciences. 10th annual 
meeting, January 28-30, 1942, New York, N. Y. 


Society of Automotive Engineers. Annual meeting, 
January 12-16, 1942, Detroit, Mich. 


——————— —————————————————— 0 EE 
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S. O. Morgan, Bell Telephone Laboratories, New 
York, vice-chairman 
Thorstein Larsen, Consolidated Edison Company, 
New York, secretary 


Arthur von Hippel, Massachusetts Institute of 
Technology, Cambridge, chairman, committee on 
physics 

R. N. Evans, Consolidated Edison Company, New 
York, chairman, committee on chemistry 


G. T. Kohman, Bell Telephone Laboratories, New 
York, vice-chairman, committee on chemistry 


C. F. Hill, Westinghouse Electric and Manufactur- 
ing Company, East Pittsburgh, Pa., chairman, com 
mittee on monographs 


H. N. Curtis, Bureau of Standards, Washington, 
DIC: 


W. A. Del Mar, Phelps Dodge Copper Products 
Corporation, Yonkers, N. Y. 


J. B. Whitehead, The Johns Hopkins University, 
Baltimore, Md. 

Perhaps the most actively discussed single 
topic at the Williamsburg conference was 
the rapidly increasing necessity for consid- 
ering substitute materials for electrical in- 
sulation. Many traditional practices and 
materials in the field of electrical insulation 
are coming to feel increasingly the double 
impact of increased demand incidental to 
the national defense activities of the West- 
ern Hemisphere and the interruption of 
supply channels as the result of war condi- 
tions in the rest of the world. An informal 
symposium served as a sharp reminder of 
the fact that insulating materials important 
to traditional insulation practices have come 
from all parts of the world and that some of 
these distant sources—of shellac and high- 
grade mica, for example—already have been 
shut off or diverted so far as the Western 
Hemisphere is concerned. The effects of 
the situation will reach into practically every 
branch of the electrical industry which, in 
turn, underlies all industry. Research 
laboratories are busy with the development 
and application of new materials, new com- 
binations of known materials, and with the 
improvement and development of domestic 
supplies. The general consensus seems to 
be that the end results of the present emer- 
gency and the efforts being made to meet 
it will be a general and material improve- 
ment in materials, processes, and practices. 

As the Insulation Conference group is 
holding itself in readiness for close co-opera- 
tion with other National Research Council 
defense activities, through the Division of 
Engineering and Industrial Research, no 
definite plans have been settled upon at this 
date with reference to the annual confer- 
ence for 1942. ELecrricaL ENGINEERING 
will report on this later. 


Better Administration of Laws 
Stressed by Engineering Examiners 


The desirability of more uniform prac- 
tices in qualifying applicants, for registra- 
tion, and of improvement in qualifications 
in certain states, were emphasized at the 22d 
annual meeting of the National Council of 
State Boards of Engineering Examiners, 
held in New York, N. Y., October 27-30, 
1941. Registration was larger than for any 
previous meeting, with 35 of the 44 member 
boards represented. 

The committee on qualifications for reg- 
istration, noting wide divergence in the 
practices of the various boards, presented 
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for approval an outline of requirements 
basic to a determination of competence, a set 
of general principles to be applied to inter- 
views with applicants, and a set of general 
requirements basic to all branches of engi- 
neering, to be applied in determining 
whether the four years of qualifying experi- 
ence usually required meet adequate stand- 
ards. The latter general statement was 
supplemented by a detailed statement in 
regard to civil engineering. The commit- 
tee’s report was approved, and it was in- 
structed to prepare similar detailed state- 
ments for the other major engineering fields. 

Qualifications for registration are con- 
siderably below ‘‘model law” standards in 
about one fourth of the states, notably 
those with old registration laws, the com- 
mittee pointed out, urging the Council to 
work for improvement of such laws. 

The secretary of NCSBEE reported that 
with the passage of registration laws by 
three states during the current year, only 
three now lack such laws. 

Specifically avoiding any related financial 
commitment, the Council approved a rec- 
ommendation from the secretary that 
NCSBEE undertake the publication of a 
national directory of registered engineers if 
satisfactory arrangements can be made. 

“Registration by endorsement” rather 
than reciprocal registration between states 
was urged by the committee on interstate 
registration, which pointed out that in- 
sistence on reciprocal registration is a form 
of coercion toward relaxing responsibility 
and lowering standards, whereas registration 
by endorsement is permissive rather than 
mandatory. 

Development of a code of engineering 
ethics by the Engineers’ Council for Profes- 
sional Development was recommended as 
an objective for the near future, in connec- 
tion with discussion of the desirability of re- 
quiring applicants for registration to en- 
dorse a code of professional ethics. Other 
matters of co-operation with ECPD were 
discussed. 

Officers elected for the coming year are: 


C. C. Knipmeyer (A’10, M’35) professor of electri- 
cal engineering, Rose Polytechnic Institute, Terre 
Haute, Ind., president; J. H. Dorroh, dean of engi- 
neering, University of New Mexico, vice-president; 
G. M. Shepard, St. Paul, Minn., and F. W. Ander- 
son, Lexington, Va., regional directors. T. Keith 
Legaré continues as executive secretary. 


National Electrical Safety Code 
Revision Completed 


With the publication of part 2, ‘Safety 
Rules for the Installation and Maintenance 
of Electric Supply and Communication 
Lines’’, all six parts of the National Elec- 
trical Safety Code are now available in 
printed form. This represents the com- 
pletion of a tremendous task by the Ameri- 
can Standards Association Sectional Com- 
mittee on the National Electrical Safety 
Code under the able leadership of the 
late Doctor M. G. Lloyd (A’08-F’12), as 
chairman. 

Copies of the various parts of this Code 
may be ordered from the Superintendent of 
Documents, United States Government 
Printing Office, Washington, D. C. The 
titles, identifying numbers, and prices of 
each part of this Code are as follows: 
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1. ‘Safety Rules for the Installation and Mainte- 
nance of Electrical Supply Stations’, Handbook 
H-31, 10 cents 


2. “Safety Rules for the Installation and Main- 
tenance of Electric Supply and Communication 
Lines’, Handbook H-32, 65 cents 


3. “Safety Rules for the Installation and Main- 
tenance of Electric Utilization Equipment’’, Hand- 
book H-33, 15 cents 


4. “Safety Rules for the Operation of Electric 
Equipment and Lines’, Handbook H-34, 10 cents 

5. “Safety Rules for Radio Installations”, Hand- 
book H-35, 10 cents 


6. “Safety Rules for Electric Fences”, Handbook 
H-36, 05 cents 


Machine Tool Builders Adopt New Stand- 
ards. A new set of electrical standards for 
machine tools has been adopted by the ma- 
chine tool industry, in accordance with 
specifications drawn up by the committee on 
electrical problems of the National Machine 
Tool Builders’ Association. ‘‘Machine Tool 
Electrical Standards” is planned to relieve 
customers of the necessity for writing elabo- 
rate electrical specifications of their own, 
and to insure that the machine tools that 
they buy will be properly wired. There will 
also be the incidental advantage that assem- 
bly of machine tools will be expedited be- 
cause it will no longer be necessary to make 
every machine tool a special wiring job to 
meet special specifications. Copies of the 
standard may be obtained from the National 
Machine Tool Builders’ Association, Cleve- 
and, Ohio, at $1.00 per copy. 
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D. R. Yarnall Receives . 
1941 Hoover Medal Award 


D. R. Yarnall, co-founder and chief engi- 
neer, Yarnall-Waring Company, Chestnut 
Hill, Pa., was awarded the Hoover Medal, 
joint award of the American Society of Civil 
Engineers, American Institute of Mining 
and Metallurgical Engineers, American 
Society of Mechanical Engineers, and AIEE,. 
at the annual meeting of the American 
Society of Mechanical Engineers. The 
medal, presented this year for the fifth time,. 
is awarded “‘‘by engineers to a fellow engi- 
neer for distinguished public service.’’ Mr. 
Yarnall received the degree of mechanical 
engineer from the University of Pennsyl- 
vania in 1905, and after a few years as engi- 
neer for the Coatesville (Pa.) Boiler Works, 
and Stokes and Smith Company, he became 
vice-president and general manager of the 
Nelson Valve Company, Philadelphia, Pa., 
in 1912. He was also co-founder in 1912 of 
the Yarnall-Waring Company, and _ has. 
been a member of the firm since that date. 
In 1920 he served as a member of the com- 
mission in Europe having charge of feeding 
German children, and in 1938 was sent to. 
Vienna and to Berlin by the American 
Friends Service Committee, to aid refugees. 
He has served as a director of the United 
Engineering Trustees, and is a former vice- 
president of the Engineering Foundation, 
and a past president of the United Engi- 
neering Trustees. He is a member of the 
American Society of Mechanical Engineers 
and of the American Association for the 
Advancement of Science. The medal, 
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established in 1929 by gift of Conrad N. 
Lauer of Philadelphia, past-president of the 
American Society of Mechanical Engineers, 


has been previously awarded to former 


_ President Herbert Hoover (HM’29) whose 


“ 
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civic and humanitarian achievements it was 
established to commemorate; to Ambrose 
Swasey (HM’28) founder of the Engineering 
Foundation; to John F. Stevens, chief engi- 
neer of the Panama Canal; and to Gano 
Dunn (A’91, F’12) president of the J. G. 
White Engineering Corporation, New York, 
N. Y., and past president and Edison 
Medalist of the AIEER. 


American Welding Society 
Awards Miller Medal 


The Miller Memorial Medal, awarded by 
the American Welding Society for conspicu- 
ous contributions to the art and science of 
welding was presented to David Arnott, 
chief surveyor and vice-president, American 
Bureau of Shipping, New York, N. Y., at 
the annual meeting of the society. The 
medal was awarded to Mr. Arnott for his 
work in advancing the application of welding 
to ship construction. After studying naval 
architecture at the Royal Technical College, 
Glasgow, Scotland, Mr. Arnott served an 
apprenticeship in shipbuilding at the Fair- 
field Shipbuilding and Engineering Com- 
pany, Ltd., Glasgow. In 1901 he was made 
a surveyor for the British Corporation for 
the Survey and Registry of Shipping, Glas- 
gow, and in 1917 was appointed principal 
surveyor for the company in Canada. He 
came to New York in 1918 as deputy chief 
surveyor of the American Bureau of Ship- 
ping, was made chief surveyor in 1925, and 
chief surveyor and vice-president in 1938. 


1941 Chemical Industry Medal 
Awarded to E. K. Bolton 


The Chemical Industry Medal for 1941 
has been presented to Dr. Elmer K. Bolton, 
chemical director of E. I. du Pont de 
Nemours and Company. The medal, which 
may be awarded annually for valuable appli- 
cation of chemical research to industry, was 
presented at a joint meeting of the American 
Section of the Society of Chemical Industry, 
the New York Section of the American 
Chemical Society, and the New York Sec- 
tion of the American Institute of Chemical 
Engineers. 
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Iowa University Opens Industrial Film 
Library. An industrial engineering film 
library of motion and time study films has 
been installed at the State University of 
Iowa. Films in the library, originally used 
in connection with courses in industrial 
engineering, will now be available to schools 
and industrial plants. The motion pic- 
tures, contrasting old methods with im- 
proved methods, show applications of mo- 
tion study principles in offices and factories 
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One of the winners 
in the industrial class 
of the sixth annual 
Modern Plastics 
competition, held in 
November 1941, 
was this ratio adjuster 
for power _ trans- 
former, designed and 
produced by Gen- 
eral Electric Com- 
pany 


which result in better methods and lower 
costs. They will be installed by the 
department of visual instruction of the ex- 
tension division of the university. 


Charles A. Hoxie Dies. Charles A. Hoxie, 
retired, formerly with the General Electric 
Company, and inventor of the Hoxie sound- 
recording machine, died October 13, 1941. 
Born in Constable, N. Y., he was first 
engaged in development of an internal tele- 
phone system for cities, and was afterward 
associated with the New England Telephone 
Company. He joined the Hudson River 
Telephone Company in 1900 as wire chief. 
In 1912, he became an engineer for the 
General Electric Company, and there per- 
fected a machine called a pallophotophone, 


Rlcti]crs to the 


INSTITUTE members and subscribers are in- 
vited to contribute to these columns expressions of 
opinion dealing with published articles, technical 
papers, or other subjects of general professional 
interest. While endeavoring to publish as many 
letters as possible, Electrical Engineering reserves 
the right to publish them in whole or in part or to 
reject them entirely. Statements in letters are 


A Matrix Theorem 
To the Editor: 


From electric circuit theory a theorem in 
matrix algebra, believed to be new, is sug- 
gested and proved. The theorem resembles 
De Moivre’s well-known theorem for com- 
plex numbers. 

To most electrical engineers the utility of 
the general circuit constants is quite familiar. 
Thus if we have a four-terminal network 
with general circuit constants A;, Bi, Gi, Di 
terminated in a second network with con- 
stants A», Bo, Co, Ds (figure 1), the con- 
stants A, B, C, D of the two networks in 
cascade considered as a single unit may be 
obtained by matrix multiplication as fol- 
lows: 


4 B{ - Ay eBill| 
Ic pi=ic. dill | 
Applying the above relation repeatedly to 
n identical networks with constants A;, By, 


Ag» a 


1) 
C, Dz 
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which would record sound and film for mo- 
tion pictures simultaneously. This type of 
recording process now is used by most of the 
motion-picture companies. 


Granite Shaft Over “Time Capsule” Dedi- 
cated. A shaft of black granite, marking 
the spot 50 feet underground where the 
Westinghouse “‘time capsule’”’ is buried, has 
been dedicated by the park department of 
New York City, at Flushing Meadow Park. 
Among the records and documents contained 
in the capsule is a copy of the 50th Anniver- 
sary (May 1934) issue of ELECTRICAL ENGI- 
NEERING in microfilm. Descriptions of the 
“time capsule’? appeared in the October 
1938 issue, page 430, and in the November 
1940 issue, page 477. 
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expressly understood to be made by the writers; 
publication here in no wise constitutes endorsement 
or recognition by the AIEE, All letters submitted 
for publication should be typewritten, double- 
spaced, not carbon copies. Any illustrations 
should be submitted in duplicate, one copy an 
inked drawing without lettering, the other lettered. 
Captions should be supplied for all illustrations. 


C;, D; in cascade, we get the A, B, C, D of 
the whole from: 


| 


|A P(A B, ||" 
|| 


| | 2) 
IC C, D;j|| ( 


In the special case of a uniform transmis- 
sion line whose total series impedance and 
total shunt admittance are respectively Z 
and Y, the general circuit constants are: 


A,=cosh 0 | 

B,=(Z/0) sinh @\ (3) 
Ci = (0/2) sinh 0f 
D,=cosh 6 


wherein 


= ZY 


A, By A2Ba = ne 7 
C Dy CaDe2 oO Meo 
Figure 1 
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Suppose now 1 identical lines are connected 
in series. Then the total series impedance 
and the total shunt admittance become 1Z 
and nY respectively while the quantity 6 
becomes also times as large. The general 
circuit constants for m such lines in cascade 
are thus: 


A=cosh né 

B=(Z/6) sinh n0 i (4) 
C=(6/Z) sinh n6 

D=cosh n6 


Hence by applying equation 2 we get the 
following matrix identity: 


cosh 6 (Z/6) sinh 6})” 
(6/Z) sinh@ coshé 
_|| cosh 6 (Z/@) sinh n6é (5) 
(6/Z sinh n6 cosh n0 


It is obvious from the physical nature of 
Zand Y that they may assume any value, 
real or complex, provided the real part is 
positive. As @=/ZY, its value is not 
limited in any way. Similarly let 7 be 
written in place of @/Z to denote any num- 
ber, real or complex, and multiply 
element of the left-hand matrix in equation 
5 by 7. We then get the following relation: 


rcoshé@ sinh @ ||” 


r?sinh@ rcoshé 
r” cosh n6-—r™-1 sinh nO 
r™+1sinh n@ r+” cosh n6 


| 


or if we taker = Z/0, the relation assumes the 
alternate form: 


rcoshé@ 2 sinh @||” 
sinh @ r cosh @ 
_||r™ cosh né 7” +1 sinh nd 


(7) 


r™-l sinh n@ rr” cosh n0 


It will be noted that these relations have 
been suggested by physical considerations 
just like many other interesting relations in 
pure mathematics. It is not difficult to 
prove them rigorously. For this purpose 
we will use mathematical induction. As- 
sume, therefore, that equation 6 is true for 
n=k and multiply both sides by the matrix: 


r cosh @ sinh @ 
r?sinh@ rcoshé 


We thus obtain: 


reosh@ sinh @ ||F+1 
r?sinh@ rcoshé 
_||rcoshé@ sinh @ 
r* sinh @ ¥ cosh @ 
r*® cosh RO r*-1 sinh ko 
ré+1 sinh kO r® cosh ko 


r*+1 (cosh 6 cosh 20+ sinh @ sinh kd) 


r*+2 (cosh RO sinh 8+ cosh @ sinh k@) 
r® (cosh @ sinh k0-+sinh 6 cosh k6) 
) 


r*+1 (sinh 6 sinh k@+- cosh 6 cosh k6 


r*+1 cosh (k+1)0 r* sinh (k+1)6 
r*+2 sinh (k+1)0 r*+1 cosh (k+1)0 (8) 


since 


cosh (k-+1)6= cosh 6 cosh k0-+ sinh 6 sinh 2a 


and 


sinh (k-+1)6= sinh 6 cosh k6-+sinh 20 cosh 4 
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Now equation 8 shows that if equation 6 is 
true for n=k, then it is also true for 
n=k+1. As equation 6 is true for n=1, 
it is therefore true for n=2, 3, etc. Hence 
the relation is true for all positive integral 
values of 2. Similarly we can establish the 
validity of equation 7. But, as 


coshé r7—sinh ie 
y sinh 0 cosh 0 
cosh 0 —r sinh 6 


lo 


—r—-1sinhé cosh @ 


and equation 7 is true for any value of 6 
or 7, it is evident that equation 6 holds even 
when 7 is a negative integer. By thus per- 
mitting to take any integral value, the 
two alternate forms equations 6 and 7 be- 
come only one. 

The close similarity between equations 6 
or 7 to De Moivre’s well-known theorem for 
complex numbers, 


(r cos ¢+jr sin ¢)”= 
(r” cos no+jr” sin nd) 


may be noted. This resemblance can be 
made the more striking, if we let 02=j¢ and 
remember cosh j7#= cos ¢ and sinh j6=j X 
sin ¢, wherein 7=*/ —1. Thus using cir- 
cular instead of hyperbolic functions, our 
theorem becomes: 


rcos¢ j sin ¢||” 


jr? sin @ rcos¢ 


r” cos nb 
jr”*) sin np 


jr” sin no 


r” cos nd Us) 


A special case, possessing more symmetry, 
is to putr=1. Then 


n 


cos¢@ jsing 
jsing cos @ 


cos ud fj sin nd 
jsinng cos ng 


(11) 


a corollary of which is evidently 


cosud jsinnd 
jsin nd cos nd 


cosm@ jsin ral 
jsin mp cos mp 
cos (m+n)b j sin (m+n)d 
j sin (m+n) cos (m+n)o 


| (12) 


A. PEN Tunc Sau (A’35, M’36) — 


(President, National University of Amoy, Chang- 
ting, China) 


Service-Factor Ratings 


To the Editor: 


I have seen the paper on ‘‘The Service 
Factor Rating of Arc-Welding Generators 
and Transformers,’”’ by R. C. Freeman and 
A. U. Welch on pages 137-41 of AIEE 
TRANSACTIONS, volume 60, 1941 (April sec- 
tion) and I feel that I must send you a note 
to say how welcome it is. I happen to have 
been interested in its subject rather inti- 
mately for some months past, and I hope 
that the proposals now made will have their 
effect in establishing the sound principles 
they represent. If it were to come to a dis- 
cussion, I would suggest that a duty-cycle 
standard of 60 per cent is unnecessarily 
high, and I should propose something much 
nearer the 40 per cent of the French rules 
(much of the evidence of your article, in- 
deed, seems to me to support this) ; but that 
is not important at the moment. The main 
thing is to get the principles of one duty- 
cycle standard, one service-factor rating, 
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and one set of temperature-rise limits 
established for all types of hand-welding 
equipment, including both generators and 
transformers, no matter what their en- 
closure or cooling-means may be. 

You may be interested to know that 
thought is proceeding on the same general 
lines in some quarters over here. An article 
by J. W. Bayles, MSc. (Eng.), and an as- 
sociate member of the Institution of Elec- 
trical Engineers (a good friend of mine), 
published in the BEA MA Journal, Novem- 
ber 1940, treated the subject in outline in 
very much the same way, and arrived, in 
principle, at the same conclusions. 


THOMAS CARTER (F’20) 


(A. Reyrolle and Company, Ltd., Hebburn-on- 
Tyne, England) 


(Editor’s Note: See also pages 569-71 of 
this issue.) 


Numerical Solution of Equations 


To the Editor: 


D. L. Waidelich’s article on numerical 
solutions of equations (HE, Oct. ’41, p. 
480-2) is of some interest, although it is 
hard to see how Newton’s method could be 
‘not very generally known among engi- 
neers’. Any respectable course in col- 
lege algebra will include this. 

Mr. Waidelich did not mention the 
“Graeffe method”’ of solving linear algebraic 
equations. This method is not as well 
known as Newton’s or the iteration methods. 
but is much quicker when the degree of the 
equation is high. Also, a high degree of 
accuracy is easily obtained. 

A very lucid exposition of this method is 
given by Kurtz and Corcoran in their 
“Tntroduction to Electrical Transients’’. 


WILiiaM M. BREAZEALE (A’31) 


(Radiation Laboratory co-operating with WNa- 
tional Defense Research Committee, Massachusetts 
Institute of Technology, Cambridge) 


Copper Shortage 


To the Editor: 


The October issue of ELECTRICAL ENGI- 
NEERING carries under the heading ‘Of 
Current Interest’? an item on copper. I 
wonder if those in charge in Washington 
realize that the threatened copper shortage 
is brought about largely by their action. 

If the price of copper is fixed at 12 cents 
per pound f.o.b. Naugatuck Valley, produc- 
tion is confined to those who can mine, 
smelt, refine, and lay down copper at this 
price without loss. 

Colorado, Arizona, New Mexico are shot 
through with low-grade copper ore which 
would come into the market in quantity 
under a small increase in price, and elimi- 
nation of the copper shortage is only a mat- 
ter of allowing the price to rise to a point 
where supply equals demand. It is un- 
fortunate that some of the Washington 
dreamers cannot see the light. 

Plenty of copper at 14, 16, or 18 cents per 
pound would be much better than no copper 


at 12 cents, which seemis to be the impending 
dilemma. 


FREDERICK G. Stronc (A’19, F’13) 


(Wethersfield, Conn.) 
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“Industrial-Commercial Electrical Refer- 
ence.” Under preparation for more than 
our years this 1,200-page reference volume 
by E. S. Lincoln (F’41) consulting engineer, 
has just been issued by the Electrical 
_ Modernization Bureau, representing a group 
of some 80 manufacturers of electrical equip- 
ment. The contents are based upon the wide 
experience of the author, who has been en- 
gaged as industrial consultant for many 
years, supplemented by selected information 
furnished by men in the electrical field who 
have rendered extensive, valuable advisory 
Berwice to industrials for years. The book is 
intended to serve primarily electrical men 
in industrial plants, covering the entire 
field of industrial electrical operations from 
service entrance through utilization equip- 
ment. Each section devoted to service or 
utilization equipment is divided into “‘in- 
_ Stallation” and “operation” sections. ‘In- 
_ Stallation”’ covers economic factors, selec- 
tion of equipment, layout, application, and 
control; ‘‘operation’’ includes inspection, 
maintenance, testing, surveys, analysis of 
performance and operating costs, and cor- 
rection of faulty operation. Sections are 
devoted to relations with manufacturers, 
_industrial-plant managements, contractors, 
consultants, and utilities; industrial and 
professional associations; distribution sys- 
tems; protection and control equipment; 
and various types of utilization equipment. 
Separate sections also cover such subjects 
as inspection, maintenance, testing, sur- 
veys, performance and cost analysis, power 
factor, and voltage correction. As an aid to 
proper installation of equipment, the book 
includes the complete National Electrical 
Code, the various sections being reproduced 
with the material to which they apply. The 
volume is liberally indexed and arranged so 
as to assist the industrial electrical man to 
find with the least possible delay the answers 
to problems demanding immediate solution. 
Purchasers of the book will receive a “‘sup- 
plementary service’ consisting of new ma- 
terial to be issued periodically which will 
keep the subject matter continuously up to 
date. Published by Electrical Moderniza- 
tion Bureau, New York, N. Y.; approxi- 
mately 1,200 pages, 300 illustrations, 300 
tables; 9 by 111/, inches, Fabrikoid; 
price $15, including supplementary service. 


“Standard Handbook for Electrical Engi- 
neers.”? Seventh edition, 1941, revised and 
enlarged. The most recent edition of this 
electrical encyclopedia has been completely 
revised, to recognize shifts in order of im- 
portance of the branches of the electrical art, 
and to include new spheres of activity which 
have appeared in the eight years since the 
sixth edition was published. To facilitate 
handling and filing, and to provide a more 
legible book for reference, the format has 
been changed to one having larger overall 
dimensions, less bulk, and a larger type size 
for easier reading. Presentation of material 
has been based on the results of interviews 
with more than 100 electrical engineers, with 
the result that the handbook aims to answer 
the demand for an orderly compilation of the 
‘“working-tool information of electrical 
technology” which has been authenticated 
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by research and experience, but is not 
generally accessible in a compact form, An 
attempt has also been made to meet a de- 
mand for terse condensation of abstract 
principles, without sacrifice of completeness, 
so that maximum space might be available 
for presentation of the accepted data of 
applied engineering, as given by practical 
experts. Most of the contributors are new, 
but have been selected for their authorita- 
tive standing, and for their ability to give an 
up-to-date presentation of the subject in 
which they are specialists. Changes in- 
clude: expansion of the section on power- 
plant electrical equipment to embrace elec- 
trical equipment for the whole power sys- 
tem; new treatments of power transmission, 
electronics and radio, interior wiring, illumi- 
nation, prime movers, and telephone; 
recognition of modern developments such as 
air conditioning, electricity in aviation and 
in the petroleum industry, lightning tech- 
nology, high-voltage generators, and cyclo- 
trons; and the expansion of the compilation 
of codes and standards. The index has 
been enlarged and elaborately cross-refer- 
enced. Edited by A. E. Knowlton (M’17, 
F’30) associate editor, Electrical World. 
McGraw-Hill Book Company, Inc., New 
York, 1941, 2303 pages, price $8.00. 


“Family Expenditures in the United States,” 
published by the National Resources Plan- 
ning Board, presents a detailed statistical 
picture of how American families spend 
their incomes, based on a survey applying 
to the year 1935-36. The analysis of 
family spending and saving at different in- 
come levels includes a breakdown of ex- 
penditures into more than 90 items, with 
separate figures for farm, rural nonfarm, 
and urban families, and with comparative 
estimates for white and negro families, for 
five geographic regions, and for three sizes 
of family. The volume is the third of a 
series of reports on purchasing power and 
consumption requirements of the American 
people, the first two of which were ‘‘Con- 
sumer Incomes in the United States,” and 
“Consumer Expenditures in the United 
States.”” The report shows that of the 
$41,000,000,000 spent for current consump- 
tion needs, less than nine per cent was spent 
for automobiles, household equipment, and 
other durable goods, and less than ten per 
cent for semidurable goods. Food and other 
perishable goods accounted for 47 per cent. 
Prepared by Dr. Hildegarde Kneeland and a 
technical staff. United States Government 
Printing Office, Washington, D. C., 1941, 
price 50 cents. 


‘An Introduction to the Operational Calcu- 
lus.’? The purpose of this book is stated as 
being ‘‘to develop some of the methods of 
the operational calculus for the use of engi- 
neering undergraduates whose mathematical 
equipment is necessarily limited, and for 
practicing engineers whose mathematical 
equipment has become rusty through dis- 
use.” The material is developed gradually 
from known mathematical processes to 
newer ideas and methods, with the first part 
of the book containing a review of the 
classical methods of solving linear differ- 
ential equations with constant coefficients. 
As opposed to the usual treatment of these 
subjects, this book makes use of the notation 
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and nomenclature of the operational calcu- 
lus. The operational calculus as developed. 
in this book is merely a shorthand method 
of solving certain types of differential equa- 
tions. By Walter J. Seeley, professor of 
electrical engineering, Duke University. 
International Textbook Company, Scran- 
ton, Pa., 1941, 167 pages. 


“The Engineering Profession.” This book 
describes qualifications and duties of the pro- 
fessional engineer, and his habit of mind. 
It thus aims to serve as a vocational guide to 
the young man in his choice of a profession, 
furnishing him with objective data for form- 
ing his own picture of engineering. It 
should also be of use to the vocational coun- 
selor who may be asked to supply informa- 
tion regarding the profession. Points of 
technology are discussed only by way of 
illustration. Contents of the books include: 
fields and functions of engineering; descrip- 
tions of the specialized fields of civil, mining, 
mechanical, electrical, and chemical engi- 
neering, and others; the method of engi- 
neering and application of this method; 
vocational guidance in engineering, and the 
education of the engineer; and requirements 
for admission to membership in engineering 
societies. By T. J. Hoover, dean, school of 
engineering, Stanford University, and J. C. 
L. Fish, emeritus professor of civil engineer- 
ing, Stanford University. Stanford Uni- 
versity Press, Stanford University, Calif., 
1941, 441 pages, price $5.00. 


“Electrical Wiring Specifications.’’ This 
book is a review of design and specification 
procedure for electrical wiring jobs, pre- 
sented as a working guide for all concerned 
with designing wiring installations, laying 
out wiring systems, and developing specifi- 
cations for any given job, and containing 
rules for carrying out these procedures in 
compliance with the National Electrical 


Code. It is an authoritative book on a 
subject of wide importance. Edited by 
Earl Whitehorne. McGraw-Hill Book 


Company, Inc., New York and London, 
1941, 181 pages, price $2.50. 


The following new books are among those recently 
received at the Engineering Societies Library. 
Unless otherwise specified, books listed have been 
presented by the publishers. The Institute as- 
sumes no responsibility for statements made in the 
following summaries, information for which is taken 
from the prefaces of the books in question. 


PRINCIPLES OF MAGNAFLUX INSPEC- 
TION. By F. B. Doane. Magnaflux Corpora- 
tion, Chicago, 1940. 133 pages, illustrated, 91/2 by 
6 inches, cloth, $2.50. A description of magnaflux 
inspection methods, covering equipment, processes, 
the inspection medium, detectable defects, de- 
magnetization, and the evaluation of indications. 
There is a separate chapter on weld inspection, and 
basic physical principles also are discussed briefly. 
Bibliography. 


THE THEORY OF RATE PROCESSES. By 
S. Glasstone, K. J. Laidler, and H. Eyring. 
McGraw-Hill Book Company, New York and Lon- 
don, 1941, 611 pages ,diagrams, etc., 9 by 6 inches, 
cloth, $6.00. This book describes the development 
and application of a general theory of the kinetics 
of physical and chemical processes, usually known 
as the “theory of absolute reaction rates’. The 
fundamental bases are explained, and homogeneous 
and heterogeneous gas reactions, reactions in solu- 
tion, viscosity, diffusion, and electrochemical 
phenomena are considered in terms of the theory. 


ATM (Archiy fiir technisches Messen), Lfg. 119, 
May 1941. R. Oldenbourg, Munich and Berlin, 
pages T63-77, F3; illustrated, 12 by 81/2 inches, 
paper, 1.50 rm. each. This monthly publication 
contains classified articles upon various types of ap- 
paratus and methods of technical measurement. 
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There are also descriptions of specific instruments 
manufactured by German companies. 


ELECTRICAL ENGINEERING FUNDA- 
MENTALS. By G. F. Corcoran and E. B. Kurtz. 
John Wiley and Sons, New York, 1941. 450 pp., 
diagrams, etc., 9 by 6 inches, cloth, $4.00. The sub- 
ject matter presented in this textbook is intended as 
first course material to prepare electrical engineering 
students for specialized courses. Special emphasis 
has been given to the arrangement and explana- 
tion of basic principles and concepts, although cer- 
tain chapters deal with more advanced topics. 


ENGINEERING DESCRIPTIVE GEOME- 
TRY AND DRAWING. By F. W. Bartlett and 
T. W. Johnson. John Wiley and Sons, New York; 
Chapman and Hall, Ltd., London, 1941, 572 
pages, illustrated, cloth, $4.50. This comprehensive 
textbook, developed for use at the United States 
Naval Academy, consists of three parts: I. Line 
drawing, which is chiefly concerned with the man- 
ner of handling the instruments; II. Engineering 
descriptive geometry, which deals with the rules of 
orthographic projection applied to simple geometri- 
cal shapes; and III. Engineering drawing, which 
describes the application of the general principles 
of drawing to engineering purposes with emphasis 
on detail drawing. 


ENGINEERING ENCYCLOPEDIA. Two 
volumes. Edited by F. D. Jones. Industrial Press, 
New York, 1941. 1431 pages, diagrams, etc., 91/9 
by 6 inches, fabrikoid, $8.00. This two-volume 
reference work supplies practical information such 
as the various important mechanical laws, rules, 
and principles; physical properties and composi- 
tions of materials used in engineering practice; and 
the characteristic features and functions of differ- 
ent types of machine tools and other equipment. 
The 4,500 topics included are alphabetically ar- 
ranged and cross-indexed, and have been selected 
for their usefulness in the mechanical industries, 


INDEX TO THE LITERATURE ON SPEC- 
TROCHEMICAL ANALYSIS, 1920-1939. Second 
edition. By W. F. Meggers and B. F. Scribner; 
publication sponsored by Committee E-2 on spec- 
trographic analysis of the American Society for 
Testing Materials, Philadelphia, 1941. 94 pages, 
9 by 6 inches, paper, $1.00. Nearly 1,500 references 
are contained in this second edition of an index 
which appeared originally in 1937. This constitutes 
a 50 per cent increase. The literature from 1920 
to 1939 is covered chronologically, with the authors 
alphabetically arranged within each calendar year. 
Detailed subject index. 


THE SECOND YEARBOOK OF RESEARCH 
AND STATISTICAL METHODOLOGY BOOKS 
AND REVIEWS. Edited by O. K. Buros. Gry- 
phon Press, Highland Park, N. J., 1941. 344 pages, 
11 by 71/2 inches, cloth, $5.00. This book consists 
of carefully selected critical reviews of books dealing 
with statistical methods and techniques in a variety 
of fields. Three hundred and fifty-nine books pub- 
lished since 1932 are included, providing a list of 
the latest publications on the subject and also the 
means for evaluating them. Indexed by title, sub- 
ject, and reviewer. 


TABLE OF NATURAL LOGARITHMS. Vol- 
ume 1. Logarithms of the Integers from 1 to 50,000. 
Prepared by the Federal Works Agency, Work Proj- 
ects Administration for the City of New York; 
conducted under the sponsorship of and for sale by 
the National Bureau of Standards, Washington, 
1941. 501 pages, tables, 11 by 8 inches, cloth, 
$2.00, payment in advance. Continuing the series 
of mathematical tables being compiled by the Work 
Projects Administration, this book constitutes vol- 
ume 1 of a projected four-volume table of natural 
logarithms. The natural logarithms are given here 
to 16 decimal places for the integers from 1 to 
50,000. Succeeding volumes will carry to 100,000 


and cover the range from 0 to 10 at intervals of 
0.0001. 


PRACTICAL SOLUTION OF TORSIONAL 
VIBRATION PROBLEMS. Volume2. By W.K. 
Wilson, Second edition. John Wiley and Sons, 
New York, 1941. 694 pages, illustrated, 9 by 51/2 
inches, cloth, $8.50. Owing to the extensive revision 
and enlargement of the new edition of this work, it 
was divided into two volumes. The second volume 
deals with the determination and measurement of 
stresses owing to torsional vibration, the analysis 
of torsiograph records, damping devices and rotat- 
ing-pendulum vibration absorbers, and the dynamic 
characteristics of electrical-mechanical direct- 
coupled systems. Practical examples are worked 
out, and an appendix contains a discussion of har- 
monic analysis, a bibliography, and a selected list 
of British patents. 


QUARZDRUCK MESSGERATE HOHER 
EIGENFREQUENZ,  Schwingungseigenschaften 
und Abhilfe gegen die Stérung durch Massenkriifte. 
By W. Gohlke. VDI Forschungshaft 407, March- 
April, 1941. VDI-Verlag, Berlin. 1-25 pages, 
illustrated, 12 by 8 inches, paper, 5 rm. The two 
articles contained in this research publication on 
piezoelectric measuring devices of high natural fre- 
quency deal respectively with their oscillatory 
ida Sale’ and with the disturbing effects of inertial 
orces on readings. 
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YMPOSIUM ON COLOR. Its Specification 
oe Use in Evaluating the Appearance of Materials. 
Jointly sponsored by the American Society for 
Testing Materials and_ the Inter-Society Color 
Council. Washington Spring Meeting, American 
Society for Testing Materials, Philadelphia, 1941. 
79 pages, illustrated, 91/2 by 6 inches, cloth, $1.25; 
paper, $1.00. Six technical papers, affording a 
broad view of the various aspects of color research, 
are contained in this symposium. The following list 
of titles indicates the scope: introduction to color; 
color specifications of transparent materials; hiding 
power and opacity; color standards for opaque 
materials; spectrophotometry and color evaluation; 
photoelectric tristimulus colorimetry. 


TABLES OF PROBABILITY FUNCTIONS 
Volume 1. Prepared by the Federal Works Agency, 
Work Projects Administration for the City of New 
York; conducted under the sponsorshin of and for 
sale by the National Bureau of Standards, Washing- 
ton, 1941. 302 pages, tables, 11 by 8 inches, cloth, 
$2.00, payment in advance. The present volume, 
which is the seventh in the series of mathematical 
tables now under preparation extends the range 
of all existing tables of the error function and pro- 
vides a smaller tabular interval. As in all the vol- 
umes of the series, provision has been made to facili- 
tate both direct and inverse interpolation. Entries 
given to 15 decimal places. 


ELEMENTS OF ENGINEERING THERMO- 
DYNAMICS. By J. A. Moyer, J. P. Calderwood, 
A. A. Potter. Sixth edition, rewritten. John 
Wilev and Sons, New York; Chapman and Hall, 
London, 1941. 217 pages, diagrams, 91/2 by 6 
inches, cloth, $2.50. In the present edition, as in 
the previous ones, this book is designed to stress the 
fundamental princinles of engineering thermo- 
dynamics as a foundation for the more advanced 
and practical applications of the theory. It is 
intended particularly for use in technical colleges 
having special courses in advanced thermodynamics, 
steam turbines, internal combustion engines, heat- 
ing, refrigeration and other applications of thermo- 
dynamics. 


TRANE AIR-CONDITIONING MANUAL. 
Revised edition. The Trane Company, La Crosse, 
Wis., 1941, 376 pages, illustrated, 111/2 by 81/2 
inches, cloth, $5.00. This publication is primarily 
concerned with the application of the fundamental 
facts of engineering to the design of air-conditioning 
systems, Heat and its transmission, physical com- 
fort, air properties and supply, psychrometry, re- 
frigeration and ventilation processes, the functions 
of water in air conditioning, and a chapter on ducts 
and fans, new in this edition, are covered in this 
comprehensive treatment of the subject. Diagrams, 
tables, problems and numerical examples. 


FUNDAMENTALS OF VACUUM TUBES. By 
A. V. Eastman. Second edition. McGraw-Hill 
Book Company, New York and London, 1941. 583 
pages, illustrations, 91/2 by 6 inches, cloth, $4.50. 
The aim in this work has been to combine in a single 
text the basic theory underlying the operation of all 
types of modern vacuum tubes with descriptions of 
their more common applications in communications 
and industry. Descriptions and mathematical 
analyses of the phenomena under consideration are 
given. Revised and rearranged. 


NUCLEAR PHYSICS. (University of Pennsyl- 
vania Bicentennial Conference.) By E. Fermi and 
others. University of Pennsylvania Press, Phila- 
delphia, 1941. 68 pages, diagrams, etc., 9 by 6 
inches, paper, $0.75. This pamphlet contains six 
paners presented at a conference on nuclear physics 
held in connection with the bicentenary of the Uni- 
versity of Pennsylvania. 


THROUGH ENGINEERING EYES, Science 
Selections from Literature. By A. R. Cullimore, re- 
edited by F. A. Grammer and T. H. Pitman. Pit- 
man Publishing Corporation, New York and Chi- 
cago, 1941. 166 pages, illustrated, 71/2 by 51/5 
inches, linen, $1.00. Presented with the aim of 
“picturing the development of science and engineer- 
ing’, this volume consists of selections from a 
variety of books, ancient and modern, written by 
engineers, scientists, poets, essayists, and philoso- 
phers, Each is included because it has ‘‘a direct 
bearing on engineering’’. 


THE THEORY AND APPLICATIONS OF 
HARMONIC INTEGRALS. By W. V. D. Hodge. 
University Press, Cambridge, Fngland; Macmillan 
Company, New York, 1941. 281 pages, tables, 9 by 
51/2 inches, cloth, $4.50. This book is a study of 
certain integrals defined in a type of space, locally 
that of classical Riemannian geometry, which is of 
importance in various branches of mathematics. 
Topics covered are: Riemannian manifolds; in- 
tegrals and their periods; harmonic integrals; ap- 
plications to algebraic varieties; and applications 
to the theory of continuous groups. 


THE TESTING AND INSPECTION OF EN- 
GINEERING MATERIALS. By H. E. Davis, 
G. E. Troxell, and C. T. Wiskocil. Preliminary edi- 
tion for Engineering Defense Training Courses. 
McGraw-Hill Book Company, New York and Lon- 
don, 1941, 372 pages, illustrated, 10 by 7 inches, 
cloth, $3.50. In view of the increasing importance 
of quality control in production and its dependence 
upon tests and inspection, it is the aim of the au- 


Of Current Interest 


thors to provide in this book a general treatment of 
the problems of testing, with specific reference to 
the mechanical testing of engineering materials, and 
to establish the principles for the inspection of these 
materials. Methods of conducting common tests, 
applicable to most ordinary apparatus, are de- 
scribed in the second section of the book. 


TABLE OF NATURAL LOGARITHMS, Vol- 
ume 2. Logarithms of the Integers from 50,000 to 
100,000. Prepared by the Federal Works Agency, 
Work Projects Administration for the City of New 
York, conducted under the sponsorship of and for 
sale by the National Bureau of Standards, Wash- 
ington, D. C., 1941. 501 pages, tables, 11 by 8 
inches, cloth, $2.00, payment in advance. The sec- 
ond volume of this table continues it for the in- 
tegers from 50,000 to 100,000. Values are given to 
sixteen decimal places. 


THE RUNNING AND MAINTENANCE OF 
MARINE MACHINERY. Institute of Marine 
Engineers, London. Second edition. Engineers’ 
Book Shop, New York, 1941. 164 pages, illustrated, 
10 by 7 inches, cloth, $2.50. A practical work, pre- 
pared for junior members of the Institute of Marine 
Engineers, intended as a guide for those entering 
upon a sea-going career. Steam reciprocating en- 
gines and turbines, boilers, diesel engines, electrical 
and refrigerating machinery, pumping arrange- 
ments, and steering gears are discussed. A list of 
books is included. 


PRACTICAL SHIP PRODUCTION. By A. W. 
Carmichael. Second edition. McGraw-Hill Book 
Company, New York and London, 1941. 283 
pages, illustrated, 91/2 by 61/2 inches, cloth, $3.00. 
The present increased interest in shipbuilding is re- 
sponsible for the revision of this text, which ap- 
peared originally in 1919. The book is intended 
particularly for engineers and technical men who 
are transferring their activities from other fields to 
marine engineering and naval architecture. The 
treatment is practical, rather than theoretical, and 
concerned with construction, rather than design. 
The new edition has been partly rewritten, espe- 
cially the section on electric welding. 


MOTION STUDY. By H.C. Sampter. Pitman 
Publishing Company, New York and Chicago, 1941. 
152 pages, ilustrated, 81/2 by 5 inches, cloth, $1 75. 
The prilnciples of motion study, as distinct from 
time study, are clearly presented. Motion symbols 
are explained, the basic laws and principles for mo- 
tion economy discussed, and flow process charts to 
eliminate the study of superfluous operations in a 
series or complete process. 


MODERN MARINE ELECTRICITY. By P. 
de W. Smith. Cornell Maritime Press, New York, 
1941. 279 pages, illustrated, 71/2 by 5 inches, cloth, 
$2.50. This handbook is intended to provide the 
operating marine electrician with a practical guide 
to the electrical equipment of the modern ship and 
to its maintenance. 


ELECTRONICS. By J. Millman and S. Seely. 
McGraw-Hill Book Company, New York and Lon- 
don, 1941. 721 pages, illustrated, 91/2 by 6 inches, 
cloth, $5.00. This textbook is intended to provide 
a development of basic electronic principles with 
applications to many problems in electrical engi- 
neering and physics. It co-ordinates the physical 
theory of electronics and the theory of operation of 
electronic devices, gives attention to material of 
present-day commercial importance, and includes 
both detailed illustrative problems and groups of 
problems to be worked. 


ELECTRICITY APPLIED TO MARINE EN- 
GINEERING. By W. Laws. Institute of Marine 
Engineers, London; Engineers’ Book Shop, New 
York, 1940. 276 pages, diagrams, etc., 71/2 by 5 
inches, cloth, $2.00. A clear, simple presentation 
of the fundamental principles of electricity, with 
special emphasis upon their application in ships. 
The text is intended for young engineers without 
much mathematical or technical background, who 
are preparing for British Board of Trade Certificate 
examinations, and is based upon articles published 
in the Tyansactions of the Institute of Marine 
Engineers. 


THE BELL TELEPHONE SYSTEM. By A. 
W. Page. Harper and Brothers, Publishers, New 
York and London, 1941. 248 pages, illustrated, 9 
by 6 inches, cloth, $2.00. This is a description of 
the operating policies of the American Telephone 
and Telegraph Company and its constituent com- 
panies, written by the vice-president in charge of 
public relations. Problems of research, technology, 
wages, rates and service, relations with the govern- 
ment, and finance are considered, and the methods 
and achievements of the organization set forth. 
Much hitherto scattered information is brought 
together in convenient form. 


TEMPERATURE MEASUREMENT AND 
CONTROL. By R. L. Weber. Blakiston Com- 
pany, Philadelphia, 1941. 430 pages, illustrated, 
9 by 6 inches, cloth, $4.00. This textbook is a re- 
vision of a preliminary edition published under the 
title, ‘Temperature Measurement”. Based upon a 
course offered to Juniors at Pennsylvania State 
College, it outlines “an experimental study of the 
methods of temperature measurement with the 
theoretical principles necessary for their apprecia- 
tion, intelligent use and extension’’. 
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LECTRIC are furnaces are desirable 

loads for power systems, and are be- 
coming more and more used for producing 
high-grade alloy steels, as well as for other 
types of steel. The authors believe that 
the data in this article will be of value and 
assistance to others in the solution of 
similar problems. 

It is necessary in connecting large 
electric arc furnaces onto power systems 
that it be done in such a manner that 
neither the voltage changes, caused by 
the violent and rapid load swings of these 
furnaces, will interfere with other load of 
the furnace customer nor be permitted 
to reflect back into the system in such 
a manner as to interfere with service to 


Paper 41-40, recommended by the AIEE committee 
on electrochemistry and electrometallurgy, and 
presented at the AIEE winter convention, Phila- 
delphia, Pa., January 27-31, 1941. Manuscript 
submitted October 8, 1940; made available for 
preprinting December 10, 1940. 

B. M. Jonss is division engineer of system planning 
and development department, and C. M. STEARNS 
is subsection engineer of the Duquesne Light Com- 
pany, Pittsburgh, Pa. 
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adjacent customers. Also precautions 
must be taken so that such widely fluc- 
tuating loads will neither interfere with 
the operations of any of the equipment 
on the power system nor interfere with 
any interconnection with adjacent power 
companies. Further, precautions must 
be taken so that voltage regulation caused 
by large short-time loads will not be too 
great. 


Summary 


In March 1940, a 25-ton Heroult 3-phase 
electric arc furnace using a 10,000-kva 


Figure 1. Diagram of power system showing 
66-ky lines and power stations 


Each line on diagram represents two 50,000- 

kva lines unless noted. Duquesne Light 

generating capacity is 504,000 kw with a 

60,000-kw unit scheduled for service in 
July 1941 


All lines are double-circuit unless noted by 


(1) or (3) 


TO WEST PENN POWER Co. 


COLFAX PS. 


CARNEGIE-ILLINOIS 
STEEL CORP. 
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furnace transformers was connected to 
the Duquesne Light Company system, 
and in August 1940, a second furnace 
duplicating the first was installed at the 
same location. These installations were 
made by the Pittsburgh Crucible Steel 
Company at their Midland, Pa., plant 
near Pittsburgh. 

It was believed that the load swings on 
the first furnace with the accompanying 
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Figure 2. Diagram of power-supply substation 
and furnace substation 


The 400-ampere 66-kv fuses provide protec- 
tion for high-voltage and low-voltage faults 


voltage changes would exceed the stand- 
ards which the Duquesne Light Company 
had established for this type of load, viz. 
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1.5 volts (115-volt base) for the 66-kv 
system with fluctuations from 3 per hour 
up to 15 per minute. Precautions were 
taken in the design of the furnace trans- 
former to include separate reactance to 
reduce the load swings. Subsequently, 
it was found that this additional react- 
ance was not eneded and it was removed, 
thereby improving the operation of the 
furnace. 

The load swings and accompaning volt- 
age changes, after disconnecting the re- 
actance, due to the operation of the first 
furnace, slightly exceeded the Duquesne 
Light Company standards. However, no 
complaints have been received from ad- 
jacent customers nor have any difficulties 
arisen from excessive operation of 4-kv 
distribution regulators, operation of the 
power stations, or interconnections. 


Second Furnace 


Arrangements were made initially to 
interlock the controls of the two furnaces 
in such a manner that the furnaces would 
not melt down simultaneously. Thus 
the voltage flicker would not exceed that 
caused by the initial furnace and the regu- 
lation would be increased only a small 
amount. 

Following the installation of the sec- 
ond furnace, a test was made with both 
furnaces melting down simultaneously at 
the highest secondary voltage. Instead 
of the load swings of the two furnaces 
being additive, the swings were diversi- 
fied to the extent that the net swing of 
the two furnaces increased only 20 per 
cent over that of the first furnace. Volt- 
age disturbances increased in the same 
ratio. In addition, the test showed that 
the resultant combined swings of the two 
furnaces were less frequent than for the 
first furnace alone. Thus the interlocking 
scheme may not be necessary except as 
a means of reducing the 15-minute de- 
mand. 


Figure 3. Photograph of power-supply substation —66/11 kv, 18,750 
kva—at Pittsburgh Crucible Steel Company, Midland plant 


Incoming 66-kv line at left and 11-kv circuits to furnace transformers at 
right. Lightning arresters mounted at high-voltage transformer bushings 
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Method of Approach 


This article contains a rather complete 
treatise of our investigations and presents 
the industry with these data which the 
authors hope will be of some use to others 
in the solution of their furnace problems. 

Some data have been published on elec- 
tric furnace performances and the power 
system supply (see bibliography), but 
for the first large installation on any 
power system the authors strongly rec- 
ommend getting all data that they can 
possibly lay their hands on, and making a 
thorough analysis of them. 

Obviously, the correct engineering ap- 
proach is to determine in advance what 
the kilovolt-ampere swing and resultant 
voltage flicker will be, and to provide a 
suitable system connection with correc- 
tive equipment if necessary, to keep the 
voltage changes within tolerable limits. 
However, this is not always so easy, for 
in some cases it is difficult to find out 
just what the electric performance of the 
furnace will be. 

In addition to the determination of 
instantaneous load changes, the maximum 
loads which exist for several seconds at 
a very poor power factor, and which 
occur several times during a heat, should 
be determined. These large loads may 
result in undesirable voltage regulation 
on the customer’s supply bus or at adja- 
cent customers. 

There are many factors involved, and 
many calculations to be made, not only 
for normal system conditions but also for 
the abnormal system condition of reduced 
capacity, lines out of service, generators 
off the line, etc. These abnormal condi- 
tions may result in voltage disturbances 
beyond standard voltage limits. How- 
ever, it will probably not be economical 
to reduce the voltage changes to standard 
limitations with lines and equipment out 
of service because cf their infrequent oc- 
currence. 
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Calculations 


Having decided upon the maximum in- 
stantaneous furnace load swings, the 
voltage flicker at the customer’s supply 
bus should be determined from the known 
or estimated system impedance at that 
point. The voltage flicker, then, at the 
nearest customer or substation should also 
be determined. 

The per cent system impedance to the 
Pittsburgh Crucible Steel Company 66-kv 
bus in 68-kv terms and on a 10,000-kva 
base in R+ jX terms is: 


(1.1+ 74.0) per cent 


The reactance of each of the 66/11-kv 
9,375-kva transformer banks supplying 
the furnace transformers is 6.0 per cent 
on a 10,000-kva base. The system im- 
pedance is based upon all generating 
units and all 66-kv lines in service and the 
West Penn Power tie closed at Colfax. 

As the furnace load swings are generally 
at a very poor power factor, the use of 
system reactance at the customer’s bus 
will give fairly close results. This system 
reactance is that ordinarily determined 
by a short-circuit study. However, the 
true power does change considerably and 
if this change and the change in the re- 
active power are known, then the calcu- 
lations of the voltage change based upon 
system impedance rather than reactance 
will give more accurate results. 

The calculations for voltage regulation 
may be made in substantially the same 
manner, as described above for voltage 
flicker. 


Application of Corrective Equipment 


If the voltage changes calculated as 
described under the preceding heading 


Figure 4. Photograph of charging side of a 

25-ton Heroult three-phase electric-arc fur- 

nace at Pittsburgh Crucible Steel Company, 
Midland plant 
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‘General: The average power factor for loads during the refining period varies 


exceed the allowable values, then correc- 
tive equipment should be applied. Dis- 
cussion here will be limited to correction 
obtained by synchronous condensers. 
This as well as other methods of correc- 
tion have been described by earlier papers, 
see item | in bibliography. 

As far as very frequent instantaneous 
furnace load changes are concerned, the 
condenser will draw additional leading 
reactive current to offset some part of the 
additional reactive furnace load. For a 
general analysis, it can be considered that 
the system and the condenser will share 
the increased furnace reactive load in 
proportion to the inverse of their re- 
spective reactances. Thus the reduction 
in voltage flicker may be estimated as 
well as the amount of corrective capacity 
to obtain the desired reduction. 

The condenser can be made to draw 
more leading reactive current by increas- 
ing the system reactance. This may be 
done by installing a buffer reactor in 
the furnace supply circuit ahead of the 
condenser. Actually, this buffer reactor 
produces increased voltage drop at the 
terminals of the condenser thus causing 
it to draw more leading reactive current. 
The condenser will draw increased lead- 
ing reactive current in proportion to its 
subtransient reactance. Thus the speed 
of condenser field has very little to do with 
the correction of very rapid furnace re- 
active changes. Speeding up the field 
will, however, materially improve regula- 
tion for large load changes which last for 
several seconds. 


Duquesne Light Company System 
and 66-Kv Supply to Furnace 


Figure 1 shows the Duquesne Light 
Company system, including generating 
stations and the 66-kv transmission ring. 
The two major sources of interconnections 
with adjacent utilities are shown, one at 
Colfax with the West Penn Power Com- 
pany and the other at Valley substation 
with the Pennsylvania Power Company. 
The latter is normally open, but in emer- 
gency can be closed and operated in par- 
allel with the other systems, the 40,000- 
kva regulating transformer between the 
two systems being able to control both 
true power flow and reactive flow, the 
latter providing voltage regulation at this 
point, see items 6 and 7 in bibliography. 

A single 66-kv circuit, ACSR 336,400 
circular mils (4/0 equivalent) tapped to 
the single circuit between Ambridge sub- 
station and St. Joseph lead substation, 
was extended nine miles on wood poles 
with two ground wires to the Pittsburgh 
Crucible Steel Company at Midland, Pa. 
There is an extra degree of insulation and 
ground protection built into this exten- 
sion which will make it practically im- 
mune from insulation troubles. 


Supply Substation 


Figure 2 shows the supply substation 
schematically for the 2 25-ton Heroult 
Figure 3 shows the photo- 
graph of the substation with 2 9,375- 
kya transformer banks and one single- 


furnaces. 


Figure 5. 
of 40 tons of high-grade alloy steel at Pitts- 
burgh Crucible Steel Company, Midland plant 


Photograph showing the pouring 


Note the entire furnace tilting to facilitate 
pouring 


phase spare unit. Normally, each bank 
supplies one furnace independently and 
the 11-kv bus tie disconnecting switch is 
closed only in case one bank is out of 
service. At this time the furnace must 
be operated at a reduced secondary volt- 
age to keep the load on the one 9,375- 
kva bank within its limit. 


Tests on First Furnace 


Tests were run during a complete heat 
on the first 25-ton Heroult furnace shown 
on figure 4 and figure 5. 


Table |. Pittsburgh Crucible Steel Company, Midland, Pa. 
Test on 4/10/40 
Three- Single-Phase Power Factor { 
Phase (Per Cent) 
Power 3 = 
Factor Amperes at 11 Ky Kva 
i iv Calc = SSS Calcu- 
Sec. Point No. on Reactive Kva Calcu- 11-Ky 
Voltage Meter Charts Kw Kya Calculated lated* Voltage A B Cc lated** Point Avg. Max. Min. 
: i a : == = ; 92 ] 
220 Tits Ci Oe Cree 6,550 6,660. 9,300 70.5 19,500... . 655 750 624 POS eer cal 0 | 
x ALONE. § ic <0 6k es SOU. cts's 3005.06.55 2,300. . 99.2 | 
7 | 
PETG. SCUMDIIIS.S alate 1 5.0)0,0°e 2) 0'eies P ; 7,000 a . é A 
3 High By 2.) Umea 8,700 11,300. . 64.0 10,000 804 FADE ee TOD eroe els AOU tan OO | 
4 Low Bde ORO ote een 1,680 3,300 87 .3 | , : 
fe . - 50 93 50 
: g pa 8,090 4 saan RSs xB 
5 <2 essa ous 7,250 8,640 11,300 64.2 10,350 866). (04 eae 892 14,800.....54| Average for 220 
6 ae - fo 40025 . 12007. ....21 2,700 89.0 . 11,000 192 PED ctr, (2EAU | volts 
as j OFA ot sce GOs | 
Ste CHANGE ea citin0. eye F : 8,600.... : wit 7 g 0 | 
2 maa, ang 6 000 9 840 11,500 52), 1 10,000. TO Bincchaten, (OZae ae DOS 15,000... ..60 | 
© &) o's © bye e @ 2)'s , Fy Se et x roa ’ = = | 
8 Low : Peo ee Toe 1,320 3,500 92.5 10,850 
; re 8,090 rt, ; ; : q 
> 9 aR paauee 8.700 11.520 14.430 60.3 . 9,400 ee SSS hee. {ORG LOO) eee LO, DOD ana: 50)... 8d 95 1) 
JED eee eS jg c 8-4] « Ce ec ve oe ’ : i : BP z 
hea a 10 ick Say 8,650 11,520 14,400.....60.0 10:S00nm nn 1j000) «2... 1,026... 1,048.5... 18,600..... 50 
ee 8100... 4'300 9.400.... 86.8 556 605... .. 580 
NAGLE CHAR EE aA tase ees o 52 ‘ 5,000..... 9,770 504 A212... 208 = 3 = 97 50 
220 11 High. 2 ee 4,800 : 11,500 12,460 38.5. OD 250%, % coe 916 960 760.....14,100 50 85 7 ) 
22U.... BPD. 5k cree e two EK tee ” . eet eae gees ee i cae : os aa say 
All measurements are ‘“‘input to furnace transformers” and adjacent to furnace transformer. 
*Calculated on basis of three-phase kilowatts and three-phase reactive kilovolt-amperes input. 


**Calculated on basis of average amperes per phase and AB voltage. 


+Power factor from charts using A amperes and 
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A Band CB voltage. 


between 85 and 95 per cent. 
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Inst. change—instantaneous change. 


TRANSACTIONS 765 


GRAPHIC METER RECORDS 


Graphic records were obtained of cus- 
tomer’s 11-kv voltage, furnace reactive 
kilovolt-amperes, kilowatts, amperes in 
each phase and single-phase power factor, 
and 66-ky voltages at the nearest at- 
tended substations. Sections of these 
charts during different periods of the 
heat are shown in figures 6, 8, 10, 12, and 
13. These charts were run at approxi- 
mately six inches per minute speed. 


The seven meters at the furnace were 
driven by a common shaft and a switch 
was installed to short circuit the current 
transformers and open the potential leads 
simultaneously. This switch was operated 
at 15-minute intervals to aid in syn- 
chronizing the charts for analysis pur- 
poses. 

In order to run the charts at high 
speed, most of the damping effect is elimi- 
nated. This undoubtedly allowed the 
meters to overswing. 


Figure 6. Graphic 


7AMBRIDGE VOLTAGE 66 KVA—\——\— 


— = charts at start of heat 


at 1:38 p.m. 


Furnace swings oc- 


cur approximately 


once a second 


=== CRUCIBLE VOLTAGE PHA 


A&B-1KV— 


Ete) = 


== Figure 7 (below). 


Oscillograph film at 
start of heat 


A single-phase arc 
struck and restruck 


ten times in the space 


of 15 seconds before 


all three phases 
struck. After this 
initial period, all 


three phases struck 
and restruck ten 
times with currents 


in all three phases 


fairly well balanced 


before the 


arcs 
became generally 
stable. A portion 
of this performance 
is shown on_ this 
figure 


Ag Be ae 
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OSCILLOGRAPH RECORDS 


An oscillograph record was taken at 
several points during the heat. Portions 
of these records are shown in figures 7, 9, 
11, and 14. The record of the single- 
phase wattmeter is intended to show the 
rapid changes in furnace consumption 
and not the true single-phase load, in so 
far as the single-phase wattmeter is 30 
degrees out of phase with three-phase 
balanced loads. 

It is almost impossible to obtain os- 
cillograph records of the maximum 
loads or changes in loads because of their 
short duration. 


Results 


Table I shows various values obtained 
from the graphic charts of kw, reactive 
kilovolt-amperes, amperes, volts, and 
power factor. These values are instan- 
taneous ones taken during maximum 
furnace load swings or furnace loads. 
Several of the numbered points are shown 
on the exhibits. : 

The maximum instantaneous furnace 
load swing, lasting a fraction of a second, 
amounted to 8,600 kva, 3 phase with a 
calculated power factor of 54.5 per cent 
(change in load). An analysis of the 
load swings indicated that the maximum 
occurred only once and only ten exceeded 
7,000 kva during the heat. 

The maximum instantaneous load of 
seconds duration, was found to be 14,400 
kva or 144 per cent of the furnace trans- 
former rating. 

Based upon maximum load swings 
(8,600 kva) the voltage flicker at the 
nearest 66-kv customer (St. Joseph Lead 
Company) amounts to 2.3 volts, at Val- 
ley substation, 2.1 volts, and at Am- 
bridge substation, 1.8 volts. See figure 
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‘1 for locations, However, due to the 
fact that the majority of the load swings 
were considerably less than the maxi- 
mum, no complaints have been received 
from adjacent customers and no difficul- 
ties have arisen from excessive operation 
of 4-kv distribution regulators or in the 


Thus perhaps corrective equipment 
should not be installed to correct for the 
maximum swing but for something less 
than the maximum, assuming that a few 


voltage changes in excess of the standard 
could be allowed. 


accounts for the fact that the load swings 
and maximum loads are less than might 
be expected from a furnace of the size in- 
stalled. 

Due to the fact that no other customers 
are located near the furnace installation 


operation of the power station or inter- 


connections. 


The location of the furnaces at the 
end of a long line and with considerable 
impedance to the supply bus, probably 


the voltage flicker and regulation at the 
customer’s 66-kv bus are allowed to ex- 
ceed values that would normally be al- 


lowed and the voltage changes at the 


Figure 8. Graphic 
charts taken 14 min- Table Il. Pittsburgh Crucible Steel Company, 
utes after start of Midland, Pa. 

heat 


April 10, 1940 


15-Minute Kilowatt Demands 


The swings have be- 
come less frequent, 
but are greater than 


so) CG) Die Deo ucinyeny eisai iene 1,800 
shown on figure 6 ETOP MIAO) ysis 0 anna ane 4,020 
2:00 to 2:15 p.m . 3,960 
2:15 to 2:30 p.m . .6,720 
==: 230) tO) 2i40) pO. yen ey aemiean 7,080 
‘ a pV OLTAGEPHAS E =e UKY. D45 to 00 pm ee 3,400 
SOD Toyo lo npema erent nile t 6,480 
sicily Cop esE AO jerpoe en acne 6,600 
Bud) LOO 4.50 DriM an clare tener 3,900 
B40) tor. .OOlp awe greta ee 6,960 
2300 o-4:5. 5, pitiless passe ders 7,200 
APID tO 2690 Pillows en. oe 3,840 
4°30) tor 4 5:-pimus es eee 1,680 
2d otoro cO0Cpy tenn eee eee 2,640 
DO OOMtO Oe LO mpeiile eeenenneneten cary 1,560 
Oso TCOKD OO) Pati eee eee 0 
OLN n oy BERG OOO Grn ie on aes 1,320 
245) torGiOOlip amnesia 840 
Hi 6:00 to 6215 pam. 7... 6:- 1,140 
Be 6:15 to 6:30 pam... ss. 1,200 
= 7: geese j 5:30 to 6:45 p.m............ : 
SiS SS SS Sra Bp = Pep ieredies ge ae 
SS ]SS]S 2S] SSS] 


Next heat started at 7:45 p.m. 


Complete heating cycle 6 hours and 15 minutes. 


Figure 9 (below). 
Oscillograph film 
taken 14 minutes 

after start of heat 


nearest customer are materially less due 
to the relatively high impedance between 
it and the furnace 66-kv bus. 

Table II shows the 15-minute kilowatt 
demand during each 15-minute period of 
the heat. The maximum demand of 
8,400 kw is at approximately 85 per cent 
power factor or 9,900 kva. Subsequent 
to this test and prior to the installation of 


The currents have be- 
come more stabilized 
than in figure 7. The 
arc did not com- 
pletely go out dur- 

ing the film 


ee 
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the second furnace the 15-minute de- 
mands were somewhat less. 

The oscillograms showed maximum 
amperes of 840 while the graphic charts 
gave maximum values of 1,100. Prob- 
ably the true maximum lies between the 
two, in so far as the graphic meters would 
probably overswing and the maximum 


values were probably not recorded on the 
oscillograph film. 


Test on Two Furnaces 
Following the installation of the second 


furnace, test data were obtained of the 
two furnaces melting simultaneously at 


Figure 10. Graphic 


AMBRIDG 


OLTAGE- 66KV. 


= charts one hour after 


—= = start of heat 


Large furnace swings 


probably caused by 


scrap falling against 


VALLEY VOLTAGE-66 KV. 


= electrodes or falling 


into molten metal 


CRUCIBLE VOLTAGE=PHA 


raising its level and 
short-circuiting the 
electrodes 


Figure 11 (below). 


Oscillograph film 


taken during time of 


figure 10 


The exact correlation 


is not known 


oe 
util 


§ 


eee 
Ws ee 8 


lily 


768 TRANSACTIONS 


Jones, Stearns—Electric-Arc Furnaces 


ili 


tf 
peel. 


the highest secondary voltage. Graphic 
meter chart records only of voltage, am- 
peres, etc., the same as for the first furnace 
were obtained. Time has not permitted 
the preparation of the exhibits for inclu- 
sion in this paper but they will be avail- 
able at a later time for discussion pur- 
poses. 

During the test, number 2 furnace was 
melting the initial charge and number 1 
furnace was melting the “‘back charge.” 
Number 2 furnace started the initial 
melt down 29 minutes prior to number 1 
furnace starting the melt down of the 
“back charge.’’ The test continued from 
the time number 2 furnace started the 
melt down of the initial charge until the 
initial charge was melted, approximately 
13/, hours. The 11-kv bus tie was 
closed during the test to facilitate the 
obtaining of the records. 


RESULTS 


The maximum combined instantane- 
ous load swing of the two furnaces, last- 
ing a fraction of a second, amounted to 
10,580-kva, 3 phase with a calculated 
power factor of approximately 52.0 per 
cent (change in load). The next largest 
swing amounted to 7,500 kva, 3 phase 
and all other swings were materially less 
than 7,500 kva. 

The maximum instantaneous load of 
seconds duration was found to be 22,850 
kva, and there were several near this 
value. 


Based upon maximum load swings 
(10,580 kva) the voltage flicker would 
exceed that of one furnace by about 20 
per cent. However, the combined load 
swings of the two furnaces were much 
less frequent than for one furnace and 
actually there seemed to be no flicker 
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_ problem. Voltage regulation was of 
course greater but not intolerable. 

The maximum 15- -minute kilowatt de- 
mand was 15,600 at approximately 75 
per cent power factor or 20,800 kva. 

The graphic charts show maximum am- 
peres of 1,590 per phase in the 11-ky cir- 
cuit. Due to the larger ammeter con- 


stant, overswinging did not seem to be as 
pronounced as in the initial furnace test. 
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Figure 13. Graphic charts during refining period 


A timing device cut off the meters at 4:30 p.m. 


 \ CRUCIBLE VOLTAGE -PHASE A&B IIKV— 


"= 3 PHASES SN 


ss 


| 
Wi 


—-KW.- 3, PHASES 


deeded 


isi ae 


_ sh 


= PES ES See aesnnes 


Jury 1941, Vor. 60 Jones, Stearns—Electric-Arc Furnaces 
uLy 1941, 


mn dnt sie we 
ilithal WH { 


ii A ial it wii i iw ii i lil f ul iil iii Heatiyu 


——— 


ae HELENA We WnaePovet pena ane EH TALL 
l fi MAN ti He jnddeiihianil j 


yersresrigieayseeiear es 


Cy / 
Hh Hid iba VERT AGT hin HHO aint 
(aitlil 
i A i a A Mt Ne Hi 
anh Hill Util HTT 


Figure 14. Oscillograph film taken during refining period, correspond- 


ing to figure 13 


The timing device was operated at the extreme left 
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The “Electrogear' —A New 


Electromechanical Vehicle Drive 


ERNST WEBER 


FELLOW AIEE 


Synopsis: Within recent years a new elec- 
tromechanical transmission known as the 
“FBlectrogear’”’ has been developed for use 
in gas and Diesel engine cars of all types 
including busses, trucks, rail cars, and track- 
laying vehicles. The paper describes the 
principle of its operation which is basically 
a differential action between direct me- 
chanical power transmission and a genera- 
tor-motor system, interlinked by means of 
a permanently engaged planetary differen- 
tial gear. 

At the start, both the electrical and me- 
chanical power flows are in the same direc- 
tion, giving high torque multiplication. 
As the vehicle speed increases, the electrical 
‘power flow diminishes, goes through zero, 
and finally reverses its direction, leading to 
high speed, low torque operation with 
“overdrive.’’ The torque ratio is thus 
continuously variable as in the gas-electric 
drive, and is controlled independent of road 
conditions by a small auxiliary generator 
which acts as the “brain’’ of the system. 
The design and installation of one specific 
Bus Electrogear is given in detail in order 
to illustrate the application to public trans- 


Paper 41-28, recommended by the AIEE committee 
on land transportation, and presented at the AIEE 
winter convention, Philadelphia, Pa., January 
27-31, 1941. Manuscript submitted October 28, 
1940; made available for preprinting December 4, 
1940. 
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portation, though various other models 
have been built and demonstrated. Ex- 
tensive test data graphically describe the 
superior performance of this new vehicle 
drive which combines the ideal. flexibility 
and low maintenance cost of the gas-electric 
drive with the economy of the standard 
gearshift transmission. Actual operation 
requires only accelerator and brake, both 
acted on conventionally by means of the 
conventional pedals, and a selector switch 
with engine starting, forward and reverse 
positions. The engine speed varies con- 
tinuously, and due to the fact that only a 
comparatively small part of the engine power 
is circulated through the electrical machines, 
the weight of the drive is about one-half 
of that of the gas-electric transmission. 
Since the Electrogear goes automatically 
and inherently into “overdrive” at higher 
car speeds on level road, and can be de- 
signed to keep the engine speed in its most 
economic range during the major part of 
full throttle acceleration, its fuel economy 
is at least as good as that of the standard 
gearshift transmission, and for heavy city 
schedules becomes even considerably better. 


I. Introduction 


VER since internal combustion en- 

gines have been used for the propul- 
sion of vehicles, attempts have been made 
in great number to overcome the funda- 
mental problem of flexible transmission of 
torque from the gasoline or Diesel engine 
to the wheels.! Yet no practical solution 
has been found which merely by mechani- 
cal devices produces a continuously vari- 
able ratio between engine torque and 
driving torque and is controlled by the 
action of the driver of the vehicle. 

One of the most unsatisfactory ele- 
ments of the standard gearshift trans- 
mission is the mechanical clutch operated 
by a separate clutch pedal. Practical 
ways have been found now to replace this 
clutch by a hydrodynamic coupling or 
“fluid flywheel’’®:? which essentially con- 
sists of two rotating vane systems; one 
connected to the driving shaft, acting as 
centrifugal pump, and frequently called 
the impeller; the other connected to the 
driven shaft, acting as a turbine, and fre- 
quently called the runner. Torque trans- 
mission is obtained by the fluid circulat- 
ing through both sets of vanes whereby 
on account of friction losses a certain 
amount of slip occurs. Any change in 
impeller speed causes a corresponding 
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but slightly lagging change in runner 
speed resulting in a smooth operation of 
the vehicle without jolts. Since this 
“fluid flywheel’ only acts torque trans- 
mitting, it must be used in connection 
with torque multiplying gears, either 
manually operated as in Chrysler cars, or 
in connection with automatic gearshifts 
as in the ‘“‘hydra-matic”’ drive of the Olds- 
mobile or it can be combined with a semi- 
automatic transmission as the ‘‘Fluid- 
gear” developed jointly by the A.C.F. 
Motors Company and the Spicer Manu- 
facturing Company.*® 

A further step is the hydrodynamic 
transmission or ‘‘torque converter”’;** 
this device adds a stationary vane system 
to the hydrodynamic coupling as a reac- 
tion member changing the tangential ve- 
locity of the fluid and thus produces 
torque multiplication. As the vehicle 
starts, maximum torque multiplication is 
obtained with a slip of 100 per cent be- 
tween impeller and runner, and as the ve- 
hicle speed increases, slip and torque mul- 
tiplication decrease. At a predetermined 
speed of about 17 miles per hour, direct 
mechanical drive is established auto- 
matically, without action of the driver. 
Obviously, the efficiency and fuel econ- 
omy in the hydrodynamic range of driv- 
ing is considerably lower than in the 
standard gearshift transmission, though 
the acceleration can be made to be satis- 
factory. 

In spite of this variety of more or less 
automatic transmissions now available,’ 
none of these can truly lay claim to be the 
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Figure 1. Schematic diagram of Electrogear 


BA, RA, REG—Armatures 
D—Planetary differential gear 
E—Engine 

OS—Output shaft 
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Figure 2. Diagram of Electrogear connections 
for forward operation 


BA, RA, REG—Armatures 
BF, RF, REG F—Series field windings 
BI, RI—Interpole windings 
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‘ultimate solution of the fundamental 


problem of power transmission in indi- 
vidual vehicles as recently admitted by 
high authority in the automotive indus- 
try.“ The only and earliest solution 


outside the field of strictly mechanical 
means is the well-known gas-electric 
_ transmission in which the engine drives a 


generator at nearly constant speed and 


_ one or two motors are coupled to the 


driver axle. This gas-electric transmis- 
sion has recently been considerably im- 
proved*® and would appear to be the ideal 
solution since it gives a continuously 
variable torque ratio, were it not for the 
large loss of efficiency and the large size 
and weight of the electrical machines 
needed to carry the whole engine power. 

The purpose of this paper is to describe 
the progress in the development of an 
entirely new principle of power transmis- 
sion,!? invented by A. H. Neuland"™ and 
developed during recent years through 
the support of The Power Transmission 
Company of New York City, owners of 
the patents. Fundamentally, it consti- 
tutes an electromechanical drive and is 
based upon a differential action between 
directly transmitted mechanical power 
and d-c electric power furnished by one 
electrical machine and consumed by an- 
other. The driving torque and therewith 
the torque ratio is controlled by conven- 
tional use of the accelerator pedal, and its 
variation is produced by a small auxiliary 
generator whose speed is proportional to 
vehicle speed. Since the transmission 
embodies electrical machines connected 
through the elements of a differential gear 
of the planetary type, the name ‘‘Electro- 
gear’’ has been adopted for it. 


The Electrogear has the extreme flexi- 
bility of the electric drive and, like this, 
gives a continuously variable torque ratio. 
In addition, it has the advantage of high 
fuel economy, since only a fraction of the 
mechanical power is transformed into 
electric power, and since the engine speed 
though variable can be kept within its 
most economic range even at the highest 
vehicle speeds, when overdrive automati- 
cally occurs. On account of the partial 
conversion into electric power, the sizes 
and weights of the electrical machines 
are considerably smaller than in the gas- 
electric drive with the attending advan- 
tages of lower currents and smaller com- 
mutators. 

Designs of the Electrogear have been 
made and demonstration models built for 
several 5-passenger cars, for a 36-passen- 
ger city bus, and for a 12-ton track-laying 
vehicle. The Pittsburgh Testing Labo- 
ratory made extensive road tests of a five- 


passenger sedan with the Electrogear 
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Figure 3. Planetary ring gear differential 
R—Ring gear Q—Quill 
P—Planets !S—Engine shaft 
S—Sun gear OS—Output shaft 


Figure 4. Double-planet differential 


B, C—Planets 
Q—Quill 
OS—Output shaft 


A—Input sun gear 
D—Output sun gear 
!S—Engine shaft 


drive, and then duplicated the same tests 
of the same car with its conventional 
gearshift drive. The comparative re- 
sults covered in a report! should be of in- 
terest to the automotive industry as well 
as to electrical engineers since they show 
that a transmission using electrical ma- 
chines in proper combination with a differ- 
ential gear can be just as efficient as a 
purely mechanical transmission. 

The detail discussions in this paper 
however pertain to the bus application 
because the greatest variety of drives has 
been developed in this field, so that com- 
parisons can readily be drawn from avail- 
able commercial test and performance 
data. 


II. Principles of 
Operation and Design 


Figure 1 is a schematic sketch of the 
Electrogear drive with only the arma- 
tures of the electrical machines indicated 
for simplicity, figure 2 shows the connec- 
tion diagram for forward operation of the 
vehicle, and figure 3 gives a more detailed 
sketch of the differential gear. The ar- 
mature BA of the one electrical machine 
is directly coupled to the engine shaft JS 
and the ring gear R of the differential 
gear; this machine may, for convenience, 
be called booster. The armature RA of 
the second electrical machine is coupled 
to the sun gear S of the differential gear 
and usually is mounted on a hollow shaft 
or quill Q; this machine may, for conven- 
ience, be called reducer. Booster and 
reducer are series-wound d-c machines, 
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both connected in series for forward 
operation of the vehicle as seen in figure 2. 
The auxiliary generator has its armature 
REG driven by suitable gears or by belt 
from the output shaft OS, which in turn 
carries the planet spider with the planets 
P of the differential gear. This auxiliary 
machine, called regulator for convenience, 
is connected parallel to the booster field; 
its function is the distinctive feature of 
the Electrogear. 


1. OPBPRATION OF THE ELECTROGEAR 


In forward operation, with the vehicle 
standing still and the engine idling, the 
ring gear and booster armature BA will 
turn with engine shaft speed, whereas the 
planet spider and output shaft are at rest. 
Thus, the sun gear with the reducer arma- 
ture RA has to turn in a direction oppo- 
site to engine shaft rotation. Now, the 
electrical machines are so connected that 
under these mechanical conditions the 
reducer will act as self-excited generator 
and feed current into the booster, which 
will act as motor permitting just enough 
current flow to maintain polarities with- 
out moving the vehicle. 

Depression of the accelerator pedal in- 
creases the engine speed and power and 
therefore the electric power generated by 
the reducer which drives the booster as 
motor in the same direction of rotation as 
the engine. Thus, the ring gear torque is 
actually the sum of engine and booster 
torques. Since both ring gear torque and 
reactive torque of reducer act in the same 
direction upon the planet spider, a con- 
siderable driving torque multiplication 
takes place comparable to “‘first gear’’ in 
mechanical transmissions; the planet 
spider starts revolving and the vehicle 
starts moving. As the vehicle, and with 
it the planet spider, speeds up, the re- 
ducer slows down so that without any 
further action the vehicle could reach 
only a comparatively low speed deter- 
mined by the electromechanical balance 
of torques. 

However, part of the main current is 
shunted through the regulator which has 
its field so connected as to generate a 
voltage in opposition to the voltage drop 
across the booster field. Since the regu- 
lator speed increases with vehicle speed, 
the regulator voltage also increases and 
eventually reverses the current in the 
booster field. The electrical design must, 
of course, correlate this period with the 
period in which the reducer has slowed 
down enough to be unable to drive the 
booster as motor, so that the regulator, 
furnishing from now onthe field excitation 
of the booster in reversed direction, forces 
it to act as generator. With the main cur- 
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Figure 5. Simplified | 
drawing of Electro- 
gear layout for a 


city bus 


rent continuing to flow in its original di- 
rection, the reducer must now reverse its 
direction of rotation to run as motor. 
It is quite obvious, at this point, that the 
regulator is the automatic governor of the 
booster and determines the over-all ac- 
tion of the electrical power flow which is 
differentially superimposed upon _ the 
mechanical power transfer. Since, in op- 
eration, the transitions from motor-to- 
generator state and vice versa are accom- 
plished smoothly and without any inter- 
ruption, the resulting variation in driving 
torque is also continuous and responsive 
to the degree of depression of the accelera- 
tor pedal which, in fact, is an inherent 
feature of this transmission. 

As soon as the reducer reverses its di- 
rection of rotation, all three elements of 
the differential gear, namely ring gear, 
planet spider, and sun gear are rotating 
in the same direction. Obviously, at 
some particular vehicle speed the differ- 
ential gear will rotate as a solid unit in 
which case the torque ratio between input 
and output must be unity, corresponding 
to “high gear” in the usual mechanical 
transmission. Advantageously, one can 
choose to have this occur well below top 
speed of the engine, preferably close to 
the most economic speed of the engine 
with respect to fuel consumption. Fur- 
ther increase of vehicle speed automati- 
cally brings about the condition of ‘‘over- 
drive,” since the regulator output also in- 
creases and forces the booster to generate 
an increasing voltage at almost constant 
speed, which in turn speeds up the re- 
ducer as motor; thus the ratio of engine to 
vehicle speed decreases to a value below 
unity, which is determined primarily by 
the amount of conversion into electric 
power at top speed of the vehicle. 

Reverse operation of the vehicle is ob- 
tained as in any electric drive by revers- 
ing the fields of both booster and reducer 
with the regulator disconnected from the 
booster field. The booster now acts as 
self-excited generator driven by the en- 
gine and the reducer runs as motor, 
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speeding up in its idling direction of ro- 
tation which is opposite to engine shaft 
rotation. This forces the planet spider 
also to rotate in the direction opposite 
to that of the engine shaft which gives 
backward motion of the vehicle. The 
maximum reverse speed is of course 
limited by the electromechanical torque 
balance under these conditions but is 
sufficient for all practical purposes, since 
the maximum tractive effort in reverse 
operation is as high as 60 to 65 per cent of 
that in forward operation. 


2. SPECIAL FEATURES OF THE DESIGN 


The design of this electromechanical 
transmission requires a careful study of 
the interrelation of all component ele- 
ments in order to obtain proper function- 
ing and the economy in weight and cost 
which is all important for any vehicle 
drive. The choice of the rear axle ratio 
(for rear axle drive) and that of the ratio 
in the planetary differential are interde- 
pendent and are determined by the de- 
sired rate of initial acceleration and by 
the top speed of the vehicle. As men- 
tioned above, the fuel economy can be 
influenced decisively by proper choice of 
the vehicle speed in full throttle accelera- 
tion at which “‘overdrive”’ sets in; in this 
respect particular attention has to be paid 
to the auxiliary generator or regulator. 


Figure 6. Photo- 
graphic view of 
Electrogear on the 
dynamometer stand 
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For best results, individual designs are 
desirable for different performance re- 
quirements, though within any particular 
class of vehicle a standard design can be 
used for the average requirements and — 
adjustments made by the use of slightly 
different rear axle ratios as is customary 
with the standard mechanical transmis- 
sions. 

The planetary differential gear of the 
ring gear type is most commonly used in 
vehicle drives. Referring to figure 3 and 
denoting with ¢ the ratio of the number of 
ring gear teeth to the number of sun gear 
teeth one finds for the ratio G of the 
torques on output and input shafts the 
value 
Tos=—-Tis=GTis (1) 
Obviously, the largest value of G is ob- 
tained for the smallest value of 7; for 
mechanical reasons, therefore, G<1.8 
which restricts this type of planetary dif- 
ferential to use in vehicles with low torque 
multiplication, as for example in passen- 
ger cars. 

In order to obtain larger torque multi- 
plication, a differential gear of the type 
shown in figure 4 and known as “‘reverted 
train” has to be used; on account of the 
two sets of planets it is often called 
double-planet gear. For reasons of con- 
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struction the ratio of teeth in B to A is 


_ usually the same as that in D to C, and 


denoting it as g, one has for the torque 


Tatio G of output to input shafts 


— Tos=@?T1s=GT 15 (2) 


' 
j 


t 
b 
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This type of planet gear can, therefore, be 
used for any large torque multiplication 
within practical values, and has the fur- 
ther advantage that the quill Q carrying 
the reducer can be located either to the 
left or to the right of the planet gear. 
It has been applied in the bus drive and 
the drive for the track-laying vehicle. 

The main electrical machines have to be 
designed with utmost economy in the use 
of materials. Ina bus drive with a defi- 
nite schedule the power requirements can 
easily be evaluated; the effective mean 
value of the losses with proper considera- 
tion of cooling conditions at the various 
vehicle speeds will lead to the customary 
one-hour rating as a basis for the design. 
In the case of vehicles for general service 
suitable assumptions must be made with 
respect to most frequent driving condi- 
tions and maximum possible overloads. 
In the designs built for the bus and track- 
laying vehicles glass insulation was used 
throughout to take full advantage of the 
maximum temperatures permitted by 
ATEE Standards for traction machines. 


' Of course, only experience can tell what 


effective cooling the machines may have 
on account of their particular location on 
the moving vehicle. The test data below 
will illustrate these points more fully. 

The most important element in the 
Electrogear transmission is the regulator 
since it determines and controls the op- 
eration of the booster as motor or as 
generator. Being connected in parallel 
to the booster field, it carries a large part 
of the main current in addition to the 
current which it produces by self-excita- 
tion. Furthermore, its magnetic charac- 
teristic must be such that at the highest 
vehicle speeds it will not, or only slightly, 
saturate in order to provide adequate ex- 
citation for the booster. Since it is a 
very low voltage machine, care has to be 
taken to obtain good commutation under 
all driving conditions. All these are re- 
quirements that can easily be satisfied by 
an adequate design, but they are quite 
different from those met with in the de- 
sign of general purpose machines. 


3. EXAMPLE OF INSTALLATION 


As an illustration the Electrogear de- 
signed for an A.C.F. bus weighing 14,220 
pounds empty and 19,420 pounds with 
seated load will be described. The basic 
data for the bus were furnished by the 
engineers of The J. G. Brill Company at 
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Philadelphia. The bus was to be 
equipped with a Hall-Scott 135 engine 
mounted under the floor and delivering 
116 brake horsepower at 2,000 rpm of 
which approximately 9 horsepower were 
used in accessories so that only 107 horse- 
power were available for the transmis- 
sion. As a city bus the requirements 
were assumed to be 10 stops per mile, 11 
seconds for each full stop, a scheduled 
speed of 11 miles per ‘hour and accelera- 
tion up to 25 miles per hour between 
stops. The one-hour ratings of the elec- 
trical machines were— 


Booster as motor 

Pee ee 22.5 horsepower at 1,900 rpm 
Reducer as generator 

POS iad Re ee rere 20 kw at 1,200 rpm 


with maximum speeds of the booster about 
2,600 rpm, of the reducer about 2,200 
rpm; each had four main and four com- 
mutating poles, was series wound and de- 
signed for optimum voltage from the 
point of view of economy. Both main 
machines as well as the regulator were 
built and individually tested by the 
Delco Products Division of General 
Motors Corporation at Dayton, Ohio. 
The mechanical layout was primarily 
determined by the available space be- 
tween engine shaft flange and universal 
joint of the propeller shaft in the standard 
bus chassis. This put a limitation upon 
the axial extension of the armature end 
connections, but by placing the planet 
gear between booster and reducer and 
shortening the propeller shaft a solution 
was found satisfactory from all angles. 
The planet gear is of the double-planet 
type and uses the smallest feasible sun 
gear on the input side in order to utilize 
the space between the two main machines 
most economically. The complete lay- 
out, in simplified lines shown in figure 5, 
was made by The Timken-Detroit Axle 
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Company, who also designed and built 
all mechanical parts and assembled the 
complete unit for installation, As seen, 
the assembly is extremely compact and 
utilizes the space within the bell housing, 
it provides excellent paths for the cooling 
air which is supplied through air cleaners, 
and it gives easy access to all brushes for 
examination and service. A photographic 
view of the assembly given in figure 6 
shows the mounting on the dynamometer 
stand during preliminary tests. The 
mechanical construction also involves the 
brake drum as an integral part of the out- 
put shaft flange. Oil seals are incorpo- 
rated in suitable form and number to 
insure proper local lubrication without 
permitting oil to enter into the electrical 
machines, 

The actual weights (in pounds) of the 
various parts were as follows: 


= a 


Booster (complete with shaft).............. 393 
Reducer (complete with quill).............. 534 
Regulator (complete with drive)............ 82 
Planet: P6arsitin iets ccc cate Cuetec hha ee 18 
Electric control (complete without cover and 
brakesresistor yin ature ca aha esas 56 
Air cleaners and miscellaneous parts........ 29 
Total weights sin-coas.ciecanrsmen meter iteeane 1,112 


Inasmuch as this was a sample unit and 
time was of essence, the material and di- 
mension specifications of the design were 
not followed closely, so that the above 
actual weights of the booster and reducer 
exceeded the computed weights by about 
150 pounds. Therefore the given weights 
do not in any sense constitute the most 
economic construction. 

The electrical control’? consists prin- 
cipally of a selector switch which con- 
nects the electrical machines for the three 
distinct operations: engine starting, for- 
ward, and reverse; and several telays 
which reduce the effort of the driver to a 
minimum, namely conventional opera- 
tion of accelerator and brake pedals, and 
at the same time provide appropriate in- 
terlocks. The control equipment was 
designed with the co-operation of, and 
furnished by, the Ward Leonard Electric 
Company of Mount Vernon, New York. 

The “‘starting”’ relay is operative only 
in the “engine starting’ position of the 
selector switch and by interlock only 
when the accelerator pedal is depressed 
so as to avoid an accidental short circuit 
of the battery over the main circuit. 
Depression of the start button connects 
the conventional starting motor to the 
battery to start the engine and also sends 
current through the booster armature 
and the booster and reducer main fields in 
series, establishing the proper polarities 
for operation in either forward or reverse 
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Figure 8. Characteristic per- 
formance of city bus Electro- 
gear in full throttle acceleration 
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direction., This is entirely sufficient for 
all subsequent operations of the vehicle 
and no further teasing of the generator is 
required at any time. 

With the selector switch in forward 
position, depression of the accelerator 
pedal operates the ‘‘accelerator” relay, 
which permits the reducer to build up 
self-excitation as generator and to accel- 
erate the vehicle as previously described. 

In order to provide the very desirable 
benefits of electrodynamic braking, the 
brake relay connects a brake resistor 
parallel to the two main armatures as soon 
as the brake pedal is slightly depressed, 
whereas full depression applies addi- 
tionally the air brakes. Again, an inter- 
lock prevents simultaneous accelerating 
and braking by de-energizing the accel- 
erator relay when the brake pedal is de- 
pressed. 

As a protective feature a temperature- 
operated contact system is inserted close 
to the reducer main field. Should the 
temperature of the field coils exceed a 
critical value, these contacts open and 
prevent further operation of the accelera- 
tor relay and thus of the Electrogear until 
the electrical machines have cooled down 
sufficiently to avoid damage. Though 
this protector never had occasion to act 
even during the most severe test runs, 
there might be conditions of getting into 
deep ruts or similar difficulties when this 
feature would prove desirable. 


III. Comparative Test 
Data on Bus Transmission 


As mentioned above, the bus transmis- 
sion was chosen as a representative illus- 
tration, because in commercial transpor- 
tation fuel economy, low maintenance 
cost, durability, acceleration, grad- 
ability, ease of operation, and comfort of 
the driver are of particular importance. 
Consequently many attempts have been 
made to develop a bus transmission 
which would satisfactorily meet all these 


requirements. Thus, there are at present 


774 TRANSACTIONS 


in actual use, in addition to the standard 
gearshift transmission, the torque con- 
verter® developed by the Spicer Manufac- 
turing Company in collaboration with 
General Motors Corporation, the ‘‘Fluid- 
gear’ developed jointly by A.C.F. Motors 
Company and Spicer Manufacturing 
Company, and the gas or Diesel-electric 
drives developed by the General Electric 
Company® and the Westinghouse Electric 
Manufacturing Company.? Both the 
torque converter and the Fluidgear have 
somewhat lower performance!* than the 
standard gearshift transmission, the first 
with respect to fuel consumption, the 
second with respect to acceleration, so 
that comparison of the Electrogear per- 
formance will be made with the standard 
mechanical and the gas-electric drives. 

In comparing Electrogear with gear- 
shift performance it should be borne in 
mind that the test data available on the 
gearshift transmission are obtained with 
a skilled driver and constitute optimum 
results which are seldom attained in ac- 
tual commercial service, whereas Electro- 
gear as well as gas-electric test perform- 
ance is reproducible uniformly with any 
driver, no skill being involved in the op- 
eration of these drives, as they require 
only conventional use of conventional 
accelerator and brake pedals. 

For a fair comparison of these drives 
it is also necessary to take into considera- 


tion the differences in bus weight on ac-. 
count of the drive. It was agreed by the 
engineers consulted in the preparation of 
this paper that all test data should be 
compared on the basis of the following 
bus weights; with standard gearshift 
transmission 18,000 pounds; with Elec- 
trogear 18,500 pounds; with gas-electric 
drive 19,200 pounds. | 


1. PERFORMANCE TESTS WITH THE 
ELECTROGEAR 


During the summer of 1939 extensive 
tests were run with an A.C.F. bus 
equipped with the Electrogear transmis- 
sion and a standard 61/, ratio rear axle. 
In all tests the total weight of the bus was 
about 18,500 pounds. After preliminary 
tests had demonstrated the satisfactory 
over-all performance of the transmission 
and necessary adjustments had been 
made, final tests were run with calibrated 
measuring equipment. All the tests were 
carried on under the supervision of The 
J. G. Brill Company’s (or A.C.F. Motors 
Company’s) engineers and a representa“ 
tive of the Pittsburgh Testing Labora- 
tory. 

The acceleration runs were made on a 
concrete highway west of Philadelphia, 
and the average taken for several runs in 
each direction in order to even out pos- 
sible differences in slight slopes. Speeds 
were measured by means of a “fifth 
wheel,’’ mounted on the side of the bus 
and driving a Hasler-Tel integrating ac- 
celerometer, giving mean speed values | 
for each second. The result is shown in 
figure 7 where speed and distance are 
plotted against time. According to the 
records the Electrogear accelerated to 
40 miles per hour in 29.2 seconds, and to a 
distance of 1,000 feet in 26 seconds, which 
must be considered excellent for any bus 
of this size. As mentioned before, the 
Electrogear performance being inherently 
automatic it can always be reproduced by 
drivers without skill or familiarity with 
the principles of operation. 


128-9 


50 
a 
=a) 
(2) 
r 
rm 
a 
Ww) 
w 
= 
= 
fay 
ud 
Ww 
; a 
Figure 9. Gradability curves 6 
of city bus in terms of balanc- Z 
ing speed against per cent grade Z 
Electrogear x 


Gas-electric 


Gearshift 


Weber—Electrogear 


PERCENT GRADE 


ELECTRICAL ENGINEERING 


7 ol ail 
> a 


_ From readings of the currents and volt- 
ges during acceleration, the circulating 
electric power can be computed and com- 
pared with engine power. The conver- 
sion ratio plotted in figure 8 against car 
speed graphically shows the percentage 
of engine power which the Electrogear 
converts into electric power, and checks 
very well the theoretical values used in the 
design. It is quite obvious that during 
the major part of the acceleration period 
only a very small fraction of engine power 


is circulated electrically, so that the losses — 


of the double conversion are very small. 
This is also expressed in the high values 
of efficiency, defined here as the ratio of 
power at the wheels to engine power and 
shown in figure 8. Finally, in the same 
figure, the engine speed during full throttle 
acceleration is also given; the moderate 
values up to 20 miles per hour vehicle 
speed, in spite of the high rate of accel- 
eration, are indicative of low fuel con- 
sumption for heavy schedules. 

In normal driving (at constant speed 
on level road) the above advantages are, 
of course, much more marked. Thus, 
in the present installation the ‘‘over- 
drive’’ becomes noticeable at about 35 
miles per hour, i.e., the engine speed is 
held below the values which the direct 
drive of a mechanical transmission would 
require. Equally, the conversion ratio 
becomes lower than in acceleration, which 
improves the over-all efficiency particu- 
larly at the higher car speeds. 

Gradability tests were made on a spe- 
cial test hill near Philadelphia, which is 
about 700 feet long and has for the major 
part a grade of 15 per cent, tapering to 
about 12 per cent toward the top. From 
a standstill at the foot of the hill the bus 
was traveling at a speed of 10 miles per 


428-10 


SCHEDULE SPEED MILES PER HOUR 


| 

2 a a | 

| 

— | 

6 E Sa ee 
STOPS PER MILE 
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onds. Acceleration to about 25 miles per 
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Figure 11. 


Fuel economy for various stops 
per mile and different rear axle ratios 


————  Electrogear (18,500 pounds) 
------- Gearshift (19,980 pounds) 


hour in less than 15 seconds, and was at 
the top of the hill at 14.5 miles per hour 
still accelerating. During this climb the 
engine speed was very low, with a maxi- 
mum of 1,650 rpm at the top of the hill. 
Again, according to the records available 
to date, this performance was the best 
obtained on that hill with any bus trans- 
mission. On the basis of these and other 
tests, a gradability curve was computed 
giving the maximum speed of the bus 
attainable on various grades; the curve 
is shown in figure 9. 

In order to check continuous perform- 
ance and temperatures under severe strain 
the bus was operated for 3 miles with 13 
stops per mile, and after a 5-minute inter- 
val for 71/, miles with 10 stops per mile 
and 11 seconds per stop, and acceleration 
up to 25 miles per hour between stops. 
At the 114th stop the cooling water of the 
engine boiled over and the brakes were 
smoking hot. Yet the temperature of 
the Electrogear machines measured with 
thermocouples inserted in the field coils 
was 25 degrees centigrade for the reducer 
and 43 degrees centigrade for the booster 
lower than the permissible maximum 
temperature. The schedule speed during 
this breakdown test run, as checked 
repeatedly, was 11.6 miles per hour, tak- 
ing 5 minutes 11 seconds for every 10 
stops. On the basis of this as well as 
other tests, the schedule speed for various 
stops per mile was computed and is shown 
in figure 10. Gasoline consumption was 
also measured during the runs, giving 
2.67 miles per gallon on this severe sched- 
ule. 

For comparison with other drives, in- 
dependent fuel consumption tests were 
carried on at length, for various stops per 
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mile and acceleration up to 30 miles per 
hour. Figure 11 shows the results for 
two different rear axle ratios. It is most 
interesting to observe that the larger 
ratio 6'/5 which was chosen in the design 
actually leads to higher fuel economy at 
heavier schedules than the 51/3 ratio, 
which in turn shows up slightly better up 
to 6 stops per mile. This justifies the 
selection of the 61/ axle for the originally 
specified schedule of 10 stops per mile, 
and illustrates the flexibility of the Elec- 
trogear showing that it is easily possible 
to choose the most economical combina- 
tion for every operating condition. An 
Electrogear design made for a schedule of 
5 stops per mile shows a fuel economy of 
8.5 miles per gallon at 30 miles per hour, 
and of about 4 miles per gallon at 5 stops 
per mile, which is considerably better 
than with the design for 10 stops per mile. 


2. COMPARISON WiTH MECHANICAL 
GEARSHIFT TRANSMISSION 


Through the courtesy of The J. G. 
Brill Company’s engineers comparative 
test data were made available on the 
standard gearshift transmission in a bus 
of about the same seated weight and with 
the same size engine as used for the Elec- 
trogear. The ratios in the gearshift 
transmission were 3.80 for low gear, 1.91 
for intermediate, and 5*/; for the rear 
axle. The acceleration curves were re- 
ferred by adjustment of the acceleration 
rates to the comparative test weight of 
18,000 pounds stipulated for the bus with 
the gearshift drive. The result is plotted 
in figure 7, demonstrating the superiority 
of the available continuous driving torque 
in the Electrogear as compared with the 
twice interrupted power flow in the gear- 
shift transmission, which in spite of the 
almost equal initial acceleration rate 
causes a loss in momentum serious enough 
to affect the performance. This can be 
seen very much better in figure 12 in 
which the available instantaneous accel- 
eration rates are plotted against car 
speed, and the vertical dotted lines repre- 
sent the necessary interruptions in ac- 
celeration during the shifting of gears. 
Though the effect is pronounced in accel- 
eration from a standstill, it is much more 
impressive when accelerating from a given 
car speed. Thus at 20 miles per hour the 
mechanical gearshift can produce only 
0.76 mile per hour per second acceleration 
without shifting to second gear, whereas 
the Electrogear can deliver 1.52 miles 
per hour per second by mere normal use 
of the accelerator pedal. 

The comparative gradability is plotted 
in figure 9 in terms of balancing speed, 
and demonstrates a further advantage of 
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the Electrogear in hilly terrain where the 
loss of momentum during back shifting 
of gears is particularly annoying and 
traffic delaying. Thus, while the standard 
gearshift bus climbs a grade of only 3.5 
per cent at 25 miles per hour, the same 
bus with an Electrogear will climb a 6.6 
per cent grade at 25 miles per hour, which 
is important with respect to schedule 
speed on routes with grades. Obviously, 
this free availability and automatic ad- 
justment of driving torque under all cir- 
cumstances also indicates a considerable 
saving in fuel consumption for vehicles 
traveling in hilly country. 

Though no curves are available to show 
the schedule speed of the gearshift bus 
directly, reference can be made to an 
available actual service comparison with 
the gas-electric drive,'4 which shows that 
at about the same acceleration rate the 
gearshift bus schedule is about six to 
eight per cent slower than that of the 
gas-electric bus. Since the Electrogear, 
as shown in figure 7, has better accelera- 
tion than the gearshift transmission, the 
difference in schedule speed in favor of the 
Electrogear bus would be even greater. 
At that, it should be kept in mind, in 
comparing the acceleration curves, that 
in the case of the gearshift transmission 
they are obtained with the best driver 
continuously using extreme care in shift- 
ing at the proper moment; such ideal 
conditions, however, cannot be continu- 
ously reproduced in actual service, so 
that actual schedule speed with gear- 
shift transmissions (manual or auto- 
matic) must be lower than theoretically 
expected, whereas, as pointed out, the 
Electrogear performance is not dependent 
on driving skill for uniform efficiency. 

In order to compare fuel consumption 
for various stops per mile and accelera- 
tion up to 30 miles per hour, figure 11 
shows ‘n dotted line latest data obtained 
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by The J. G. Brill Company on a bus 
weighing 19,980 pounds and using the 
same type engine as the Electrogear bus. 
Since fuel consumption is not propor- 
tional to bus weight, reference cannot 
easily be made to the comparative weight 
of 18,000 pounds; however, it is quite 
apparent that the repeated shifting of 
gears decreases relatively the fuel econ- 
omy at the heavier schedules, bringing it 
into the range and below that of the 
Electrogear beyond about five stops per 
mile, The influence of shifting gears can 
best be seen in figure 14 in which the 
specific fuel consumption for full throttle 
acceleration is plotted against bus speed, 
based upon a typical fuel consumption 
curve of the Hall-Scott 135 engine shown 
in figure 13 and the engine speed varia- 
tion shown in figure 8 for the Electrogear, 
and computed from the gear ratios for 
the gearshift bus. Over the entire range 
from 5 to 26 miles per hour (the speed 
most frequently used in city service) the 
Electrogear designed for heavy city sery- 
ice keeps the engine in the range of low- 
est possible fuel consumption. Flexibil- 
ity of the Electrogear design makes 
equal or better fuel economy available in 
busses with lighter city service or for in- 
tercity use. In general, then, the Elec- 
trogear proves to be at least as efficient 
as the gearshift drive, and for any par- 
ticular operating requirements can be 
made more economical. This clearly 
shows that the low efficiency of electric 
drives disappears when the electrical 
machines are used in proper combination 
with mechanical elements. 


5 


3. COMPARISON WITH THE Gas-ELEC- 
TRIC DRIVE 


Through the courtesy of the General 
Electric Company the performance data 
of a gas-electric transmission using the 
same Hall-Scott 135 engine as the Electro- 
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gear and the standard gearshift transmis- 
sion were made available, so that a direct 
comparison is possible. On account of 
the greater weight of the gas-electric 
drive the test weight of the bus in this 
case was 19,200 pounds. The shunt- 
wound generator is of the type GT 1501 
and has a net engine power of 107 horse- 
power at 2,000 rpm; the series-wound 
motor is of the type GE 1205; the rear 
axle ratio is 61/3, comparing with 61/, for 
the Electrogear. 

The speed-time curve of figure 7 indi- 
cates that the gas-electric acceleration is 
considerably less than that of the Electro- 
gear, especially at car speeds beyond 
about eight miles per hour. This is easily 
accounted for by the fact that for city bus 
installation the Electrogear is designed to 
have very little engine power circulating 
through its electrical machines between 8 
and 24 miles per hour car speed, as seen 
from figure 8, so that there is hardly any 
conversion loss in that range of car speed. 
On the other hand in the gas-electric 
drive the electrical machines continu- 
ously carry all the available power so that 
a considerable conversion loss is sustained. 
The same explanation holds, of course, 
for the divergence of the distance-time 
curves, also shown in figure 7. 

For the same reason, the gradability of 
the Electrogear is considerably higher 
than that of the gas-electric drive using 
the same engine, as seen in figure 9, where 
the balancing speeds are plotted against 
per cent grades. However, these curves 
also illustrate particularly well the singu- | 
lar advantage of a continuously variable 
torque ratio; namely, to permit consid- 
erably higher speeds on grades on which 
the mechanical drive must shift gears and 
thus lose momentum. Thus at 15 miles 
per hour car speed the bus with mechani- 
cal transmission can climb only a 3.5 per 
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Figure 13. Specific fuel consumption of 
Hall-Scott 135 engine for full throttle setting 


ELECTRICAL ENGINEERING 


Pest a 

nt grade, the gas-electric bus about a 
7.7 per cent grade, and the Electrogear 
bus even an 11 per cent grade as demon- 
‘strated in tests. 

_ Figure 10 shows that the schedule 
speed of the gas-electric drive is about 1.6 
miles per hour lower than that of the Elec- 
trogear, assuming 11-second stops in each 
case. Obviously this difference is due to 
the considerable difference in accelera- 
tion rates already pointed out in connec- 
tion with figure 7. 

Comparison of the fuel consumption 
‘per engine horsepower-hour is plotted in 
figure 14 on the basis of the full throttle 
specific fuel consumption of the engine 
given in figure 13 and of the engine speed 
curves for the various drives. For the 
gearshift the engine speeds are computed 
according to the gear ratios with the as- 
sumption that shifting is done when the 
engine speed reaches 2,000 rpm. For 
the gas-electric drive the engine speed 
variation was supplied with the perform- 
ance data as plotted in figure 8 for com- 
parison with the actual engine speed in 
Electrogear performance. Figure 14 
shows the fuel consumption per engine 
horsepower-hour in full throttle accelera- 
tion to be as follows: highest with the 
gearshift drive (due to the fact that the 
engine goes through its entire speed range 
for each gear ratio); up to 12 miles per 
hour the same with the Electrogear as 
with the gas-electric drive; lowest with 
the Electrogear above 12 miles per hour; 
since the Electrogear uses much less en- 
gine power under all conditions it is evi- 
dent that its total fuel consumption in full 
throttle acceleration must be the lowest. 

Though no curves are available which 
would permit a direct comparison of the 
total fuel economy in commercial service 
of the gas-electric drive with that of the 
Electrogear, one can judge from compari- 
sons of the gas-electric drive with the 
equivalent gearshift transmissions ob- 
tained in actual operation! that the 
average fuel consumption of the gas-elec- 
tric drive is about 20 per cent higher if 
the acceleration is about the same in both 
cases. The gas-electric total fuel con- 
sumption should be even higher in com- 
parison with the Electrogear since it has 
been established by tests that in a sched- 
ule of five stops per mile or more the 
Electrogear city bus is even more eco- 
nomical than the gearshift bus. 


IV. Summary 


The five principal requirements of an 
ideal power transmission from the gaso- 
line (or Diesel) engine to the driver axle 
of a vehicle can be formulated as: first, a 
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Figuie 14. Comparative 
fuel consumption per en- 
gine horsepower-hour of 
city busin full throttle ac- 
celeration 
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continuously variable torque ratio; sec- 
ond, effective loading of the engine under 
all driving conditions; third, uniformly 
economic operation at all vehicle speeds; 
fourth, driving ease; fifth, durability and 
low maintenance. : 

The Electrogear has demonstrated that 
it satisfies all of the above requirements to 
a higher degree than any known mechani- 
cal, hydraulic, or electrical transmission. 
There is no loss of momentum as in shift- 


- ing gears, and the engine is never dis- 


connected. Effective engine loading and 
“overdrive” are inherent features, fully 
automatic without any facilitating de- 
vice. The all-around performance of the 
Electrogear as demonstrated by the 
Philadelphia tests is superior to that of 
other known transmissions, and it is 
significant that the best performance is 
always automatically produced without 
calling for skill or judgment. The driver 
has only the conventional accelerator 
and brake pedals to use in a conventional 
way, he has nothing to think about and 
no controls to manipulate. The dura- 
bility and low maintenance cost of elec- 
trical machines are sufficiently well es- 
tablished by the gas-electric drives still in 
operation with 400,000 miles or more to 
their credit. Auxiliary electrodynamic 
braking (to reduce brake maintenance 
cost), particularly valuable in busses with 
heavy city schedules, can easily be made 
available with the Electrogear. 

The design of the Electrogear is simple 
and flexible, permitting adaptation to any 
type vehicle. In large vehicles using 
conventional gas-electric or automatic 
multishift drives the Electrogear saves 
space, weight, fuel, and possibly initial 
cost. Its comparatively low weight opens 
a wide field of application in medium and 
light-weight vehicles in which automati- 
cally variable infinite ratio transmissions 
To be simple, such trans- 
It is not 


are desirable. 
missions must be electrical.” 
possible to simulate even by complicated 
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mechanical devices all the desired trans- 
mission characteristics which are necr- 
mally inherent in electric drives. At- 
tempts by mechanical engineers to do so 
have resulted in increasing the weight 
and cost of mechanical transmissions to 
an extent approaching the Electrogear in 
large production. 
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Factors Influencing the Mechanical 


Strength of Cellulose Insulation 


F. M. CLARK 


ASSOCIATE AIEE 


MELLULOSE insulation, like mineral 
oil with which it 1s usually associ- 
ated in high-voltage electrical apparatus, 
is subject to deterioration in an increasing 
degree as the temperature of exposure is 
raised. This deterioration is a manifes- 
tation of the chemical instability of the 
cellulose. For a proper understanding 
of this change, it must be recognized that 
the fundamental chemical reactions in- 
volved are of two types. There are thuse 
changes which result from the oxidation 
of the cellulose and those which arise 
from the decomposition of its molecule. 
These changes are invariably intermingled 
in the normal commercial use of cellulose 
dielectric materials. To prevent dan- 
gerous deterioration and to secure the 
maximum service life of cellulose insula- 
tion, the effect produced by each type of 
reaction, the probability of its occurrence, 
and the means for its control must be 
carefully evaluated. 

In a previous article’ the author has 
described the mechanical and electrical 
changes in cellulose promoted by thermal 
decomposition in contrast to oxidation 
effects. It has been shown that cellulose 
will change mechanically and electrically 
with accompanying increase in color and 
acidity when heated at temperatures even 
as low as approximately 130 degrees cen- 
tigrade under conditions which exclude 
the possibility of oxidation. These 
changes have been attributed to a mo- 
lecular decomposition: of the cellulose 
which culminates in the active evolution 
of gases, water, and other volatile prod- 
ucts at temperatures above 130 degrees 
centigrade. 

One of the objects of the present paper 
is to evaluate from the standpoint of 
mechanical strength those deteriorating 
changes in cellulose insulation which are 
caused by oxidation in contrast to those 
which result from the purely thermal de- 
ecmposition of the cellulose molecule. 
Linen capacitor paper and Manila paper 


Paper 41-44, recommended by the AIEE standards 
committee, and presented at the AIEE winter con- 
vention, Philadelphia, Pa., January 27-31, 1941. 
Manuscript submitted October 25, 1940: made 
available for preprinting December 11, 1940. 


F. M. Crark is technical assistant for the General 
Electric Company, Pittsfield, Mass. 
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are used to illustrate the test results. 
These papers are selected because of 
their industrial importance. Other cellu- 
lose insulations, as for example kraft 
paper, have been found to be of similar 
behavior. The tensile strength of the 
insulation has been accepted as a gauge 
of its mechanical properties. 


The Dormant Period 


Cellulose insulation when heated ac- 
tively exhibits evidence of molecular de- 
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Figure 1. The “dormant” period is the dura- 


tion of heat treatment which can be applied to 

cellulose insulation in the absence of oxida- 

tion without evolution of gases indicating 
molecular decomposition 


The insulation used is vacuum-dried, oil-im- 
pregnated, and oil-immersed. linen paper 


composition only after a ‘‘dormant”’ 
period, the length of which depends on 
the conditions of the heat treatment. 
Foremost among the conditions of im- 
portance are the temperature applied, 
the accumulated thermal history of the 
cellulose, and the presence or absence of 
an impregnating liquid such as mineral 
oil. In general, for unimpregnated in- 
sulation, gas evolution and other evi- 
dence of serious decomposition are ob- 
served after about 12 hours of heating at 
temperatures higher than 130 degrees cen- 
tigrade. With oil-treated cellulose insu- 
lation, the effect of temperature has been 
more carefully delineated. Figure 1 il- 
lustrates for oil-immersed linen paper the 


Clark—Cellulose Insulation 


length of the ‘dormant’ period within 
which no gas is evolved at temperatures 
from 145 degrees centigrade to 200 de- 
grees centigrade. 

It is obvious that the single effect of 
oxidation in promoting cellulose deterio- 
ration becomes of major importance only 
when the effects of molecular decomposi- 
tion are avoided. It is within this range 
that the use of an inert gaseous atmos- 
phere such as nitrogen can be expected 
to have its greatest stabilizing effect. 
When exposed to more severe conditions 
of temperature and time so that the ‘‘dor- 
mant” period is exceeded, molecular de- 
composition may become the dominant 
deteriorating factor. Adverse results are 
produced both directly as a result of 
pyrochemical change and indirectly be- 
cause of the corrosive character of the 
decomposition products formed. It is 
during this period that the beneficial ef- _ 
fects of a nonoxidizing atmosphere such 
as nitrogen gas are of decreasing, and fre- 
quently of negligible, importance. 


Conditions Which Affect Aging 


When cellulose insulation is exposed to 
temperatures of normal dielectric use, the 
rate of deterioration in tensile strength 
is dependent on the conditions of the 
heat treatment. Important factors are 
the temperature applied, the length of 
the exposure, and the presence or absence 
of an oxidizing atmosphere. The close 
intermingling of these factors and the 
great importance of the first two in pro- 
ducing radical changes in the tensile 
strength of the cellulose insulation have 
served to confuse their proper evaluation 


DAYS TO REDUCE THE TENSILE STRENGTH 
TO 25 PERCENT OF THE ORIGINAL VALUE. 
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Figure 2. Dry Manila paper will deteriorate 
mechanically when heated in sealed tubes 
in contact with nitrogen gas 
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5 the extent that oxidation is frequently 


ooked upon as the fundamental cause of 


all of the deterioration observed. This 


s not true, for cellulose insulation will de- 


teriorate even in the complete absence of 
any oxidizing gas or other source of oxy- 


gen. This is illustrated in the data of 


figure 2. In this series of tests, Manila 
paper, vacuum dried but not oil impreg- 
nated, has been heated in sealed bombs at 


temperatures from 125 degrees centigrade 
to 150 degrees centigrade under 250 . 


pounds of dry nitrogen gas. 


The results 


-are expressed in terms of that period of 


time necessary to reduce the tensile 


strength to 25 per cent of the original 


value. 


The rapid loss in tensile strength 


with the increasing temperature of the 
exposure in nitrogen gives warning against 
too great an emphasis of the oxidation 
factor as the fundamental cause of cellu- 
lose deterioration. 


The Stable Period 


Available data indicate that, even un- 


der the most severe deteriorating condi- 
tions, there is an initial period during 
which the cellulose insulation suffers no 
loss in tensile strength. During this in- 


t 


This period has been termed the 
period.” 
as great a duration as the * 
Hi 

After passing through the 
riod” 


erval it may even exhibit slight increases. 
“stable 
It corresponds to but is not of 
dormant” pe- 
iod discussed in a previous paragraph. 
“stable pe- 
chemical reactions are initiated 


which affect the mechanical strength of 
the insulation and which at temperatures 
above 130 degrees centigrade culminate 
in the evolution of gases, water, and other 
volatile products. 


The duration of the ‘‘stable period” de- 


creases sharply with increased tempera- 


ture above 100 degrees centigrade. 


The 


period of stability is clearly evident in the 
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Figure 4. Showing 
the “stable period” 
of — vacuum-dried, 
mineral - transformer - 
oil-treated, and oil- 
immersed 0.003- 
inch Manila paper 
when heated in con- 
tact with nitrogen gas 
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tests of figures 10 and 11 which describe 
the behavior of vacuum-dried, oil-treated, 
and oil-immersed 0,003-inch Manila 
paper. The “stable period’’ for each of 
the relations of figures 10 and 11 is repro- 
duced for purpose of clarity in figures 3 
and 4. 

The length of the ‘‘stable period” is af- 
fected by the presence of an oxidizing at- 
mosphere. This is demonstrated in the 
following data taken from figures 3 and 4. 


Per Cent 
Length of ‘‘Stable Decrease 
Period” in Hours in Duration 
Test Tem- of Stable 
perature For Run in For Run in Period 
(Degrees Oxygen Nitrogen Due to 
Centigrade) Gas Gas Oxidation 
Lt! Se ere LO) Sie kine Ae PGS tenn cokes 40 
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The effect of oxidation on the duration 
of the ‘‘stable period” of oil-treated and 
oil-immersed Manila paper decreases as 
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Figure 3. Showing 


the ‘stable period” 


of  vacuum-dried, 


mineral - transformer - 


oil-treated, and oil- 
immersed 0.003- 


80 100 
HOURS ON TEST 


Oo 10 20 40 60 


Jury 1941, Vor. 60 


120 


inch Manila paper 
when heated in con- 
tact with oxygen gas 


140 
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the temperature is lowered. As _ illus- 
trated in figure 5, at temperatures as low 
as 85 degrees centigrade, the accelerating 
effect of oxidation can be expected to dis- 
appear. Tests at temperatures in the 
range of 85 degrees centigrade are of long 
duration and subject to wide variation, 
but in general, have served to substanti- 
ate this expectation. 


When the cellulose is exposed to higher 
temperatures, the effect of oxidation on 
the length of the ‘‘stable period” does not 
increase indefinitely. This results be- 
cause of the increasing importance of the 
second major factor, molecular decom- 
position which also greatly affects the 
rate of cellulose deterioration. The ad- 
vantageous effect of the presence of nitro- 
gen gas in prolonging the ‘‘stable period”’ 
of oil-treated cellulose reaches its maxi- 
mum value at approximately 120 degrees 
centigrade. With higher temperatures of 
aging, the pyrochemical decomposition of 
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PERCENT DECREASE IN STABLE PERIOD DUE TO OXIDATION . 


Figure 5. The effect of oxidation on the dura” 
tion of the ‘‘stable period” for vacuum-dried 
oil-impregnated, and oil-immersed 0.003- 
inch Manila paper reaches its maximum at 
approximately 120 degrees centigrade 
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the oil-treated cellulose assumes increas- 
ing importance. As a result, the dura- 
tion of the “‘stable period” rapidly de- 
creases even though all oxidizing gases 
are eliminated by the use of nitrogen. 
This is also illustrated in figure 5. 

The existence of a ‘“‘stable period” is of 
importance in the application of cellulose 
insulation in oil-filled electrical appara- 
tus. The prolongation of this period is 
the most important result obtained by 
the elimination of an oxidizing atmos- 
phere in contact with the oil-immersed 
insulation, The beneficial results ob- 
tained by the use of nitrogen gas, how- 
ever, are largely limited to temperatures 
between 100 degrees centigrade and 120 
degrees centigrade. For lower tempera- 
tures, the oxidation effect is of negligible 
importance. For higher temperatures, 
the pyrochemical decomposition reaction 
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Figure 6. In the heat treatment of vacuum- 


dried but unimpregnated 0.003-inch Manila 

paper in sealed bombs under 250 pounds gas 

pressure, the deterioration in tensile strength 
is accelerated by the presence of oxygen 


of the cellulose rapidly increases in im- 
portance and ultimately masks the ad- 
vantages normally associated with the 
use of nitrogen gas. 


The Oxidation Factor in the Aging 
of Unimpregnated Insulation 


In studying the importance of the oxi- 
dation reaction in the deterioration of 
cellulose insulations, it is necessary to 
differentiate between its effect on those 
insulations which have been oil-treated 
and are tested under mineral oil and those 
insulations which are tested without oil 
impregnation and in direct contact with 
an oxidizing atmosphere. In order to 
illustrate more clearly the effects of oxi- 
dation in terms of tensile strength, it has 
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Figure 7. When vacuum-dried but unim- 
pregnated 0.003-inch Manila paper is heated 
in sealed bombs under 250 pounds of gas 
pressure, the loss in tensile strength is acceler- 
ated by the presence of oxygen gas to 
approximately the same extent as the tem- 
perature is changed within the range from 
125 degrees centigrade to 150 degrees 
centigrade 


been found desirable to exaggerate the 
oxidation reaction by the use of oxygen 
gas in place of air. The effect on unim- 
pregnated insulation is easily demon- 
strated. Figure 6 illustrates the impor- 
tance of oxidation as a factor in the me- 
chanical deterioration of dried but un- 
impregnated 0.003-inch Manila cable 
paper, aged at 125 degrees, 135 degrees, 
and 150 degrees centigrade in sealed 
bombs under 250 pounds of gas pressure. 
The results are expressed in terms of the 
accelerated rate of deterioration pro- 
duced by the presence of oxygen gas as 
compared to similar aging in the presence 
of nitrogen. As the deterioration of the 
cellulose progresses, irrespective of the 
temperature of test, the accelerating ef- 
fect of oxygen gas rapidly diminishes. 
During the initial state of the tempera- 
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ture exposure, however, the increased 
rate of aging due to the oxidation of the 
unimpregnated insulation reaches a high 
value. 

The marked effect of the oxidation re- 
action during the initial stages of the 
high-temperature exposure of dried but 
unimpregnated cellulose results from the 
longer duration of the ‘“‘stable period” 
when the insulation is in contact with a 
nonoxidizing atmosphere. When once 
the “‘stable period” in nitrogen gas has 
been passed, however, and the paper be- 
gins to deteriorate because of pyrochemi- 
cal decomposition, the increased rate of 
deterioration in oxygen gas as compared 
to that observed in nitrogen rapidly de- 
creases. The decrease is substantially 
independent of the temperature. This is 
illustrated in the data of figure 7 which 
correlate the accelerating effect of oxida- 
tion caused by the presence of oxygen gas 
with the degree of deterioration observed. 
It is important to note that with dried but 
unimpregnated Manila paper, even 
though the effect of oxidation decreases 
as the deterioration progresses, there is 
nevertheless a pronounced acceleration of 
deterioration throughout the whole me- 
chanical life of the insulation. 


The Oxidation Factor in the Aging 
of Oil-Impregnated Insulation 


In order to evaluate the importance of 
oxidation in the deterioration of oil- 
treated and oil-immersed cellulose insula- 
tion, it has been found desirable, as in the 
study of the unimpregnated insulation, 
to exaggerate those factors which acceler- 
ate oxidation. For this purpose, pure 


Figure 8. When vacuum-dried, oil-treated, 


and oil-immersed 0.003-inch Manila paper is 
aged in glass tubes sealed at atmospheric pres- 
sure, the presence of oxygen gas accelerates 
the loss in mechanical strength as compared 
to that which is obtained when air is used 
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Figure 9. The loss of the ten- 
sile strength for vacuum-dried, 
oil-treated, and oil-immersed 
0.003-inch Manila paper when 
aged in contact with nitrogen 
gas in glass tubes sealed at 
atmospheric pressure closely 
duplicates the deterioration 


TENSILE STRENGTH-POUNDS PER SQUARE INCH, — 


ie} 
OF fanare Go6 > (Oo 12> 14.16 
WEEKS ON TEST 


aw 


_ 


| oo 
oy 


At id 


bN 
Pe 


TENSILE STRENGTH - POUNDS PER SQUARE INCH. 
fe) 


°o 
ny 
w 
> 
an 


oxygen has been used in place of air. The 
oxygen gas has been applied both at at- 
mospheric pressure and at 250 pounds 
per square inch in sealed bombs. Tem- 
peratures of test as high as 200 degrees 
centigrade have been investigated. 

The results of accelerated tests in which 
the possibility of oxidation has been 
greatly exaggerated must be considered 
merely as the ultimate limit of oxidation. 
It must not be concluded from such tests 
that an equal degree of deterioration will 
be obtained for the same oil-treated and 
oil-immersed insulation in contact with 
the air which is normally present in com- 
mercial usage. A typical comparison of 
the aging of 0.003-inch Manila paper in 
air and in oxygen is illustrated in figure 8 
for tests at 100 degrees and 120 degrees 
centigrade. The deterioration observed 
in the insulation aged in contact with air 
in figure 8 is substantially the same as 
that observed when the insulation is aged 
in contact with nitrogen under similar 
test conditions (figure 9). 

Despite the difference in the rate of 
aging in oxygen and in air, the use of 
oxygen serves the practical laboratory 
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observed when air is substi- 
tuted for the nitrogen 
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Figure 10. The loss in mechanical strength of 

vacuum-dried, oil-impregnated, and oil-im- 

mersed 0.003-inch Manila paper when 

heated in sealed tubes in contact with oxygen 
gas 


purpose of bringing out the effects of oxi- 
dation under the most favorable, lower 
temperature conditions at which the ef- 
fect of nonoxidizing chemical changes are 


22 | MULTIPLY BY 10° 


reduced or eliminated. Figures 10 and 
11 give detailed illustrations of the aging 
of 0.003-inch vacuum oil-treated and oil- 
immersed Manila cable paper sealed in 
glass tubes at atmospheric pressure, the 
surface of the oil being in contact with 
oxygen and with nitrogen gas, 

One of the outstanding characteristics 
which distinguishes the aging of cellulose 
insulations in contact with oxygen gas 
from similar aging in contact with nitro- 
gen is the shorter duration of the ‘stable 
period” when oxidation occurs, It is ob- 
vious from the data presented that any 
evaluation of the possible acceleration of 
aging due to oxidation will depend upon 
that stage of the heat treatment selected 
for the comparison. If an interval during 
the “stable period” is selected as the time 
of comparison, it will be concluded that 
oxidation is of serious import. If on the 
other hand, the point of comparison is 
taken after considerable mechanical de- 
terioration has occurred, entirely differ- 
ent conclusions will be drawn. This is 
illustrated in figure 12, based on the data 
of figures 10 and 11. The acceleration of 
mechanical deterioration due to the pres- 
ence of oxygen as compared to nitrogen 
gas is shown as a function of the duration 
of the aging exposure at 100 degrees cen- 
tigrade, 120 degrees centigrade, and 135 
degrees centigrade. At the lower tem- 
perature pronounced oxidation effects 
are observed during the initial stages of 
the test. At the end of about four days 
of aging, the deterioration in oxygen gas 
at 120 degrees centigrade is approxi- 
mately 41/, times faster than in nitrogen. 
This results from the longer duration of 
the ‘“‘stable period” in the absence of oxi- 


Figure 11. The loss in mechanical strength of 
vacuum-dried, oil-impregnated, and oil-im- 
mersed 0.003-inch Manila paper when 


heated in sealed tubes in contact with nitrogen 
gas 
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Figure 12. When vacuum-dried, oil-treated, 

and oil-immersed 0.003-inch Manila paper 

is heated in glass tubes sealed at atmospheric 

pressure, the oxidation factor assumes de- 

creasing importance as the aging run pre- 
gresses 


dation effects. At the end of this ‘‘stable 
period” however, rapid changes in the 
oxidation ratio occur. Deterioration of 
the insulation in contact with nitrogen 
gas causes the oxidation ratio to fall 
rapidly. Within the limits of the avail- 
able data, it is concluded that the rate of 
deterioration of the cellulose is progres- 
sively less affected by oxidation as the 
aging continues. When the deteriora- 
tion has progressed to the extent that 
approximately 50 per cent of the original 
strength has been lost, the effects of the 
oxidation reaction are masked by the in- 
creasing importance of pyrochemical de- 
terioration. 

A further illustration showing the 
change from a condition of oxidation type 
of deterioration to a condition where the 
pyrochemical type predominates is illus- 
trated in figure 13. In this study the 
dried, oilimpregnated, and oil-immersed 
0.003-1nch Manila paper insulation is 
heat treated at 200 degrees centigrade in 
contact with oxygen gas and with nitro- 
gen gas. Under this type of deterioration 
both factors of oxidation and pyrochemi- 
cal change are greatly exaggerated. As 
illustrated in the analysis of figure 13 
the ‘‘stable period” in nitrogen gas under 
these conditions of heat treatment is ap- 
proximately one-half hour in duration. 
Following the ‘‘stable period” in nitrogen, 
the deterioration increases rapidly to a 
maximum, after which the rate of deterio- 
ration in nitrogen and in oxygen appears 
of approximately equal value. During 
subsequent heat treatment, the only dis- 
tinguishable feature between the deterio- 
ration resulting from the aging in nitrogen 
gas as compared to oxygen gas is attribu- 
table to the longer duration of the ‘“‘stable 
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Figure 13. When vacuum-dried, oil-treated, 
and oil-immersed 0.003-inch Manila paper is 
aged at 200 degrees centigrade in glass tubes 
sealed at atmospheric pressure, the effects of 
oxidation, clearly evident in the initial stages 
of the heat treatment with oxygen are later 
masked by the presence of pyrochemical 
deterioration which occurs even in the presence 
of nitrogen gas 


period” in nitrogen gas during which pe- 
riod the oxidation ratio as illustrated in 
figure 14 reaches its maximum value. 


The Contrasting Behavior of 
Unimpregnated and Oil-Treated 
Insulation 


Cellulose insulation whether tested be- 
fore or after mineral oil impregnation and 
immersion shows the same peculiarities in 
its chemical behavior. High-temperature 
exposure in the presence of an oxidizing 
gas causes an initial deterioration which is 
traceable to the effect of oxidation on the 
duration of the ‘‘stable period.” Ex- 
amined during this interval, a marked de- 
terioration attributable to the presence of 
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oxygen gas as compared to the corre- 
sponding change in nitrogen gas is clearly 
evident. With continued heating, how- 
ever, pyrochemical decomposition changes 
are initiated which become of increasing 
importance as the insulation is subjected 
to exhaustive treatment. It is the inter- 
relation of these two types of chemical 
change and their modification as a result 
of oil impregnation and immersion which 
compels special consideration. 

When dried but unimpregnated cellu- 
lose insulation is aged in an oxidizing at- 
mosphere, the fibers are in intimate con- 
tact with what may be considered an un- 
limited supply of oxygen. Aged after oil 
impregnation and oil immersion, the 
amount of immediately available oxygen 
is limited to that supplied from oil solu- 
tion. The result is that at temperatures 
where the oxidation reaction would nor- 
mally be predominant, as for example at 
120 degrees centigrade, unimpregnated 
paper shows a more rapid loss in tensile 
strength than similar paper oil impreg- 
nated and oil immersed. This is illus- 
trated in figure 15 for tests on Manila 
paper. 

A similar relation holds true when the 
cellulose deterioration is caused by the 
application of temperature in the range 
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Figure 14. Showing the marked decrease in 

the oxidation factor after the end of the 

“stable period" for the aging of vacuum-dried, 

oil-treated, and oil-immersed 0.003-inch 

Manila paper in sealed glass tubes at 200 de- 
grees centigrade 
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Figure 15. The mechanical aging of vacuum- 

dried 0.003-inch Manila paper is decreased 

as the result of impregnation and immersion in 
mineral transformer oil 


The heat treatment in this illustration is carried 
out in glass tubes sealed at atmospheric pres- 
sure, the gas present being dried air 


where pyrochemical decomposition is 
rapid and severe even in the presence of 
nitrogen. This is not unexpected in view 
of the fact that, as already described in a 
previous paragraph, the ‘‘dormant’’ pe- 
riod is increased as a result of oil impreg- 
nation and immersion. The longer dura- 
tion of the dormant period for oil-treated 
and oil-immersed insulation in the ab- 
sence of oxidation is undoubtedly related 
to the slower rate of acid formation in 
paper when exposed to high temperatures 
after oil treatment.! The result is that 
at a temperature of 135 degrees centi- 
grade, dried but unimpregnated Manila 
paper deteriorates in tensile strength at a 
more rapid rate than does similar paper 
after oil impregnation and oil immersion. 
This is illustrated in figure 16. 

In comparing the stability of cellulose 
insulation before and after oil impregna- 
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tion the conditions of the comparison 
must be carefully stated. Dried but un- 
impregnated cellulose may be expected 
to deteriorate more rapidly than the same 
material after oil impregnation when the 
conditions of the temperature treatment 
are such that severe oxidation or pyro- 
chemical reactions are possible. Heated 
under conditions such that oxidation and 
pyrochemical changes are of minor im- 
portance, the mechanical deterioration 
of the cellulose insulation is substantially 
unaffected by the presence of the im- 
pregnating mineral oil in which the mate- 
rial may be immersed. 


Summary 


1. Cellulose insulation will deteriorate in 
mechanical strength at a rate which in- 
creases with the increasing temperature of 
exposure. Deterioration will occur in the 
absence of an oxidizing atmosphere, 


2. The rate of cellulose deterioration at a 


fixed temperature varies as the heat treat- 
ment is continued. 


3. The mechanical deterioration of cellu- 
lose insulation at elevated temperature is 
the result of oxidation and pyrochemical de- 
composition. 


4. When heated, cellulose passes through a 
“stable period’ during which the mechani- 
cal properties are maintained. The presence 
of oxygen is chiefly effective in reducing the 
duration of this ‘‘stable period.” 


5. The single effect of oxidation is re- 
stricted to the initial periods of treatment 
at temperatures lower than approximately 
120 degrees centigrade. At higher tempera- 
tures, pyrochemical decomposition occurs. 
Even in the most favored temperature 
range, the effect of cellulose oxidation 
merges into the effects produced by pyro- 
chemical decomposition as the deteriora- 
tion progresses. 


a 


6. Heated under conditions which favor 
oxidation or pyrochemical change, the un- 
impregnated cellulose insulation deterio- 
rates more rapidly than the same insulation 
after oil treatment and immersion. 
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Figure 16. When heated at 135 degrees 

centigrade in sealed glass containers in con- 

tact with nitrogen gas, the rate of loss in 

tensile strength of dried 0.003-inch Manila 

paper is substantially decreased as a result of 

impregnation and immersion in mineral 
transformer oil 


lod 


7. The effect of oxidation is accelerated 
when pure oxygen gas is in contact with the 
insulation, No substantial difference in the 
rate of mechanical deterioration is observed 
when the oil-treated and oil-immersed insu- 
lation is aged in contact with nitrogen gas 
as compared to aging in contact with air. 


Bibliography 


1, PyROCHEMICAL BEHAVIOR OF CELLULOSE IN- 
suLATION, F. M. Clark. AIEE TRANSACTIONS, 
volume 54, 1935, pages 1088-94. 


2. CORRELATION OF THE CHEMICAL AND ELEC- 
TRICAL CHANGES OBSERVED DURING THE OXIDA- 
TION OF MINERAL INSULATING O1L, F,. M. Clark. 
ASTM Preprint number 99, 1940. 


3. LoapING TRANSFORMERS BY TEMPERATURE, 
V. M. Montsinger. AIEE TRANSAcTIONS, volume 
49, 1940, pages 776-90. 


4. TEMPERATURE AGING CHARACTERISTICS OF 
Cuass A INsuLaTIon, J. J. Smith and J. A. Scott. 
AIEE TRANSACTIONS, volume 58, 1939 (September 
section), pages 435-42. 


5. TEMPERATURE LIMITS SET BY OIL AND CELLU- 
LosE InsuLaTIon, C. F. Hill, AIEE TRAnNsaAc- 
TIONS, volume 58, 1939 (September section), pages 
484-7. 


TRANSACTIONS 783 


Rotor-Bar Currents in Squirrel-Cage 


Induction Motors 


J.S. GAULT 


MEMBER AIEE 


Introduction 


HE rotor of a squirrel-cage induction 

motor is an extremely simple and 
tugged piece of mechanism; and due 
largely to this simplicity, it resists accu- 
rate analysis of its behavior by ordinary 
testing technique. Its design has been 
perfected by cut and try methods, making 
assumptions with respect to rotor current 
to simplify the theory; but the actual 
current in the bars has remained a mys- 
tery. The purposes of this paper are: 
first, to present oscillograms of rotor-bar 
currents; second, to extend the theory of 
induction motors to include the compu- 
tation of rotor-bar currents; and third, to 
show the effect of the rotor current har- 
monics upon the efficiency of the motor. 


Rotor-Bar Currents 


The current in the rotor bars of a 
squirrel-cage induction motor is a compo- 
site wave of complicated form in which, 
however, three main components are 
prominent. In addition to the  slip- 
frequency component which increases 
directly with load, there is a component 
due to nonuniform reluctance, the tooth- 
frequency component. The magnitude 
of this component depends primarily upon 
flux density but also increases with load; 
its frequency depends upon the number 
of stator teeth and the speed. The tooth- 
frequency component is very pronounced 
in a machine with open slots and is con- 
siderably reduced by using closed slots or 
nearly closed slots. The third main com- 
ponent of rotor frequency is caused by 
the nonsinusoidal distribution of stator 
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current, and will be designated the band- 
frequency component. 

A polyphase stator winding excited by 
current of sinusoidal wave shape gives a 
stator magnetomotive force with non- 
sinusoidal distribution. This would pro- 
duce a rotating field with nonsinusoidal 
shape, although the flux density at every 
point along the air gap would vary sinu- 
soidally in time to give a sinusoidal gen- 
erated voltage in the stator. Ina wound- 
rotor motor, space harmonics in the stator 
flux wave produce corresponding har- 
monics in the rotor generated voltage; 
but in a squirrel-cage motor, irregularities 
in the flux wave are practically eliminated 
by currents induced in the short-circuited 
rotor conductors. The rotor current 
distribution is such that the total current 
distribution, rotor plus stator, is sinusoi- 
dal. This hypothesis is given in Pro- 
fessor Bailey’s book,! and is substantiated 
by analysis of the rotor current oscillo- 
grams included in this paper. 


C 
1,=6.05 
Is / Is 
) 
(e 


Computation of 
Band-Frequency Component 


The method of computing the band- 
frequency component of rotor current 
will be shown by a specific example, using 
a three-phase winding with two-thirds 
pitch, 12 slots per pole. The curves of 
stator current distribution over two 
poles, and the corresponding rotor cur- 
rent distribution curves, are shown in 
figure 1, at time intervals of 15 electrical 
degrees. In the stator winding distribu- 
tion diagram at the top of the figure, the 
arrows indicate the positive direction of 
current in each coil side, not the current 
distribution at a particular time. The 
cyclic maximum value of stator current 
per coil side (turns per coil times maxi- 
mum stator current per conductor) is de- 
noted by J,. At the time (6=0 degrees) 
the instantaneous values of currents, indi- 
cated in the vector diagram at the left, 
are: 


Phase A =0 
Phase B= —0.866/, 
Phase C=0.866/, 


Using these values with the winding dis- 
tribution diagram, the curve of stator 
current distribution, S, is obtained for 
time (@=0). The rotor current distribu- 
tion curve, R, is drawn so that the total 
current curve, 7, is the sinusoidal equiva- 
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Figure 1. No-load current dis- 
tribution curves of three-phase 
winding with 2/3 pitch 
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lent of the stator current curve, that is 
the fundamental component of the curve 
S. The amplitude, 7,,, may be ob- 


‘tained by use of the formula for the co- 
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Figure 2. Rotor-bar current at zero slip for 
three-phase winding with 2/3 pitch 


efficient of the fundamental term of the 
Fourier series: 


J ssnoae (1) 
0 


For the time (@=0) the values of stator 
current shown give: 


2 x/3 
= 0.8667, sin odé+ 
Zs 
a/3 
4p 1.7321, sin ¢d¢+ 
x/3 
ft 0.8667; sin ois | 
24/3 


==. 1- (2) 


Tn= 


a ‘e 


and at any other time, the same value will 
be found for T,,. In figure 1, a value of 


I, is chosen arbitrarily to make 7,,=ten 
units, so: 
107 E 
=6.05 units (3 


1-33 


and all the curves are drawn to this scale. 

The rotor current distribution curves 
may be used to obtain the time curve of 
current in a particular bar by following a 
point on the rotor as it turns with the 
field. Due to discontinuities in the dis- 
tribution curves, the time curves of rotor 
current cannot be obtained by Fourier 
analysis; however by using the values on 
the curves in figure 1, the curves of figure 
2 may be obtained. The curve (¢).=0) 
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Figure 3. Full-load current dis- 
tribution curves of three-phase 
winding with 2/3 pitch 
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shows current in the rotor bar which is in 
position (6=0) at time (@=0), so the 
value 5.24 units is taken at the point @= 
0) on the curve for time (@=0) in figure 1. 
At time (6=15 degrees) the rotor has 
moved 15 degrees to the right, so the 
value of rotor current is taken from the 
(6=15 degrees) curve at point (P= 15 de- 
grees). The values of rotor current in 
this bar at 6=30 degrees and 45 degrees 
are read similarly from the corresponding 
curves at the 30-degree and 45-degree 
points respectively. At (@=60 degrees) 
the distribution curves are like the @= 
0) curves and the rotor current wave re- 
peats, so the rotor-bar current in this 
case is a 360-cycle wave of nearly tri- 
angular wave shape. The curve (¢9=30 
degrees) in figure 2 is obtained similarly; 
the first point is taken from the (@=0) 
curve at (6=30 degrees), etc. For differ- 
ent bar positions, the magnitude of this 


well as the wave shape with a maximum 
value for the position (¢9=0): 


Ry, =6.05 sin 60° = 5.24 units (4) 


and only 0.67 unit for the bar in the (¢)= 
90 degrees) position. 

The curves of figure 2 represent rotor- 
bar currents in a machine running at 
synchronous speed. At no load with a 
small amount of slip, these curves show 
some of the phases through which the 
rotor current passes slowly as the bar 
changes its position with reference to the 
revolving field. 


Effect of Load Upon Rotor Current 


When the motor is loaded, the stator 
current is increased by the addition of a 


Figure 4. Rotor-bar current at full-load with 
5 per cent slip, for three-phase winding with 
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F gure 5. Positions of search conductors in 
rotor bar 


power component in quadrature with the 
magnetizing component. Since the total 
current distribution remains practically 
unchanged, the rotor current distribution 
curve shows a corresponding increase. 
Figure 3 shows full-load distribution 
curves, similar to the no-load curves of 
figure 1. The value of magnetizing cur- 
rent is taken as 6.05 units, the same 
as the no-load value given in equation 
3. For the power component a value of 
22.6 units is assumed, so the value of 
I, used in drawing the curves of figure 3 is: 


I,=6.05-+722.6 =23.4 units (at 75 degrees) 

(S) 
The total current, 7,,, equals ten units as 
before. 

The curve of rotor-bar current in 
figure 4 is obtained from these distribu- 
tion curves by following a point on the 
rotor, using a slip of five per cent which 
corresponds to full load. The rotor cur- 
rent now shows a slip-frequency compo- 
nent with amplitude, R,, proportional to 
the power component of stator current: 


8V3 


Rs =22.6 X—— =87.35 units (6) 
Tv 


The band-frequency component increases 
with the stator current, so the maximum 
amplitude: 


Ree 5 oA 20.3 uni 
oF BOE .24=20.3 units (7) 
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The frequency of this component also 
changes. At syrichroriéus speed each 60- 
degree band of the stator winding pro- 
duces one cycle of the band-frequency 
wave, As the speed decreases, the band- 
frequency drops; and for each cycle of 
slip frequency, the band-frequency com- 
ponent passes through all its phases 
corresponding to a complete cycle. The 
band frequency for a value of slip, s, is: 


fo=(1—s)6f-+sf = (6 —5s)f (8) 


and at five per cent slip, this frequency 
is 345 cycles. This band-frequency com- 
ponent is superposed on the sinusoidal 
(slip-frequency) component; and it passes 
progressively through the various phases 
shown in figure 2. In these computed 
curves the tooth-ripple frequency is 
omitted, and this should be kept in mind 
when comparing them with the oscillo- 
grams shown later. 


Method of Measuring 
Rotor-Bar Current 


In February 1937, an article by Nar- 
butovskih? showed a method of obtaining 
rotor-bar current curves by placing search 
conductors in the rotor bar. The search 
conductor is an insulated wire running 
through the rotor bar under observation, 
and connected toit at the back end. The 
front end of the test conductor and the 
front end of the rotor bar are connected 
through sliding contacts to the first stage 
of an amplifier, so no current is drawn 
from this test circuit. The voltage be- 
tween the leads is equal to the instantane- 
ous value of 7R drop in the bar material 
adjacent to the test conductor and there- 
fore is proportional to the current den- 
sity. 

The article is most interesting because 
these oscillograms constitute the first 
published record of actual rotor-bar cur- 
rents which has come to the writer's at- 
tention. The tests were run on an early 
type of machine with nearly square rotor 
bars, and an open slot stator which pro- 


Figure 6 (left). 
Rotor slot and tooth 
dimensions 
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Figure 7. Rotor-bar 
leakage flux pattern 


Gaul t—Rotor-Ra r Currents 


\ 
\ 
\ 


duced a large tooth ripple’in the rotor 
current. From a study of the oscillo- 
grams, it is not apparent that the ampli- 
fier used had a frequency range low 
enough to show slip frequency. The 
band-frequency component is discernible 
but is nearly covered up by the large 
tooth-frequency component. 

Preliminary tests showed that this 
method would permit the study of har- 
monics in the rotor-bar current, which 
would be even more interesting in a ma- 
chine of modern design. An amplifier was 
constructed with a power stage suitable 
for direct connection to a magnetic os- 
cillograph; with maximum voltage 
amplification about 50,000. Used in 
combination with a power supply of spe- 
cial design, it has a flat-frequency re- 
sponse from 1 to 2,000 cycles. 


Current Distribution in a Single Bar 


As pointed out by Narbutovskih,’ the 
current density throughout a rotor bar is 
far from uniform, particularly for high- 
frequency components, due to rotor leak- 
age flux. A search conductor in the rotor 
bar does not, therefore, measure the cur- 
rent in the bar, but rather the current 
density adjacent to the test conductor. 
In a narrow rectangular bar the current 
density across the bar will be nearly uni- 
form, except for very high-frequency 
components, but will vary with the depth 
in the bar. For the tests reported in this 
paper, four search conductors were used, 
placed as shown in figure 5. Specifica- 
tions on the machine tested were: 


Rating: 220 volt, 3 phase, 60 cycle, 5 horse- 
power, 1,800 rpm 

Stator: 48 coils, 22 turns No. 15, throw 1-9, 
connected parallel-wye 


Rotor: 45 copper bars, 1/g by 7/15 inch, 
length 2.38 inches copper end rings, !/, by 
*8/s5 inch, mean radius 2.89 inches 


The dimensions of rotor slots and teeth, 
air gap, and stator slot openings are 
shown in figure 6, all dimensions in inches. 
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Figure 7 shows a bar of thickness, , 


~ and depth, #, in a slot of width, m, with 


all dimensions in inches. Certain sim- 
plifying assumptions are made concern- 
ing the leakage flux pattern which are 
quite valid for a narrow rectangular bar 
nearly filling the slot. Due to the higher 
reactance of the lower part of the bar, 
the current density is highest at the top 
of the bar and diminishes to a minimum 
at the bottom. Also the current in 
lower layers is lagging in phase. Both 


» of these effects are most noticeable at 


high frequency, are relatively small at 60 
cycles, and are practically negligible at 
slip frequency. The current distribu- 
tion for a particular frequency is given by 
the formulas: 


eA! V2 cosh (2ax) +2 cos (2ax) (9) 
tan ¥;=tanh (ax)+ tan (ax) (10) 


where U, is the cyclic maximum current 
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Figure 8. Current density at different levels 
in per cent of surface density 


density at a distance, x, from the bottom 
of the bar. 
Un 


ae (11) 
4/2 cosh (2ah) +2 cos (2ah) 


where U;,=current density at the top of 
the bar. 


im yee ae 
pm10! 
p=resistivity in ohms per inch cube 


f=frequency in cycles per second 


Wz =phase angle of current at point x with 
respect to that at the bottom of the bar 
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Figure 9. Angle of lag at different levels 
referred to current at top of bar 


In accordance with these formulas, the 
curves of figure 8 are computed to show 
the current density at the quarter, middle, 
and bottom of the bar used, in per cent of 
the value at the top, for the range of fre- 
quencies encountered. Figure 9 shows 
the angle of lag of the current at the same 
levels with respect to that at the top of 
the bar. For the 360-cycle band-fre- 
quency component discussed previously, 
for example, the distribution and phase, 
taken from these curves, are shown in 
table I. The current density falls off 
rapidly with the depth, also the phase 
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Figure 10. Rotor-bar cur- 
rents of three-phase four- 
pole motor at synchronous 
speed, 1,800 rpm, 220 
volts, 3.31 amperes 
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shift is large, therefore the average den- 
sity is only 26 per cent of the density at 
the surface. The formula for computing 
this average is; 

A Se Sa 
Vay = 7, V cosh (2ah) — cos (2ah) (13) 
and the phase angle with respect to the 


current at the bottom of the bar is Way, 
where: 


tan (ah) — tanh (ah) 
tan (ah) + tanh (ah) 


tan Yay = (14) 
It should be noted that the formula is de- 
veloped in terms of ‘‘amperes per bar”, 
that is, the density in amperes per square 
inch multiplied by the bar area; so the 
average current density is numerically 
equal to the total bar current. The for- 
mula for effective or rms density, in the 
same units, is: 


emtg yi (2ah) + sin (2ah) na 


ah 


These formulas are developed on the 
basis of sinusoidal wave shape. The 
band-frequency wave is very nearly tri- 
angular so the current density drops a 
little faster than for a sine wave of the 
same frequency, due to the higher fre- 
quency components of the wave. The 
wave shape also improves, and becomes 
nearly sinusoidal near the bottom of the 
bar. Nevertheless, the curves of figure 
8 give a reasonably correct picture of 
current distribution, especially if a small 
correction is made for wave shape, and 
they agree closely with the results ob- 
tained by measurements on oscillograms. 
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Figure 11. Rotor- 
bar currents of three- 
phase four - pole 
motor at full load 
with 5 per cent slip 
1,710 rpm, 220 
volts, 13.15 amperes 
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Rotor Current Oscillograms 


Figure 10 shows rotor current oscillo- 
grams for the three-phase motor running 
at synchronous speed, 1,800 rpm, to- 
gether with a 60-cycle timing wave. 
The curves at the different levels in the 
bar were not actually taken simultane- 
ously, since only one amplifier was used. 
By means of a stroboscope, the curves 
were all taken at the same point in the 
band-frequency cycle; then the waves 
were lined up on the sheet by means of 
their separate timing waves, of which only 
one is shown. By noting the current 
scales, it is seen how the band-frequency 
wave diminishes and changes its shape 
as the depth in the bar increases; also 
there is a gradual shift to the right, indi- 
cating a greater angle of lag. These ef- 
fects are hidden by the prominent 1,440- 
cycle tooth ripple, particularly at the 
upper levels. In some oscillograms shown 
later, for a different setup, the band- 
frequency waves show more clearly. In 
table II, these oscillograph curves are 
analyzed into the tooth-frequency and 
band-frequency components. Also in the 
table is given a column of computed 
values of the band-frequency component. 
The agreement is very good considering 
that the wave shape introduces a little 
error. All the figures in the table are 
maximum cyclic values in terms of am- 
peres per bar. 

On this test, at synchronous speed, with 
220 volts, the current was 3.31 amperes. 
From equation 4, the maximum band- 
frequency amplitude, R,, is 5.24 units. 
To convert this to amperes per bar, the 
value of stator maximum amperes per 
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coil side is determined and this is multi- 
plied by the ratio of stator to rotor slots. 
By equation 3, this is equal to 6.05 units. 
So: ; 


3.31+/2 48 
9 


6.05 units = X22 X55 amperes 


or 


1 unit =9.09 amperes per bar (16) 


and 
R,=5.24 X9.09 =47.5 amperes per bar (17) 


This value appears in table II for “‘total”’ 
current (or average current density). 
The computed values of current density 
at the different levels and the “‘effective’’ 
value are figured from this value of total 
current using the percentages in table I. 
The tooth-frequency component is more 
prominent in the top layer, but falls off 


rapidly. Its effective value is rather 
hard to determine, but will undoubtedly 
be lower than that of the band-frequency 
component in this case. 

In figure 11, are shown oscillograms 
taken under load with readings as follows: 


Input—220 volts, 13.15 amperes, 4,570 watts 
Output—5.03 horsepower, 1,710 rpm 


No attempt has been made to line up this 
series of oscillograms with the single 60- 
cycle timing wave shown, and this is in- 
cluded merely to give the time scale 
which is the same for all curves. A little 
over one-half cycle of the three-cycle slip- 
frequency wave is shown at all four levels. 
As before, the tooth-frequency wave 
masks the band-frequency wave at the 
top of the bar. But at the quarter level, 
and especially at the middle of the bar, 
the tooth ripple is small and the band- 
frequency wave is quite prominent; also 
the similarity between these curves and 
the computed wave of figure 4 is very 
marked, The cyclic maximum values 
of the various components, scaled from 
these oscillograms, are given in table III. 

To check the computation of band- 
frequency components, from equations 
16 and 17 a stator current of 3.31 amperes 
gives R,=47.5 amperes per bar. Since 
this component varies directly with 
stator current, the value for the ‘‘total”’ 
under load is: 


R,=475 13.15 39 
»p=47.5X 331 = 189 amperes 
The maximum values at various levels are 
computed from this using the percentages 
of figure 8 for a frequency of 345 cycles. 
The computed magnitude and distribu- 
tion of band-frequency current agree very 
well with the values measured on the 
oscillograms. Also the effective value of 
this component is of the same order of mag- 
nitude as the slip-frequency component. 


(18) 


Figure 12. Load-test 
curves of squirrel-cage motor 
rated 5 horsepower, 1,800 
rpm, three-phase 220 volts. 
Temperature 55 degrees 
centigrade 
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Figure 13. Rotor-bar current at zero slip for 
single-phase winding with 2/3 pitch 


The slip frequency is only three cycles, 
so the value of this component at various 
levels should be the same as the total. 
This fact is clearly shown in the oscillo- 
grams, although the magnitude does not 
check so well. The slip-frequency com- 
ponent of rotor current is in space phase 
with the total magnetomotive-force wave, 
and is computed from the power compo- 
nent of stator current. The maximum 
value of this is approximately: 


/2XV 13.15?—3.31? = 12.72+/2 


= 18 amperes (19 
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Figure 15. Rotor- 
bar currents _of 
single - phase four- 
pole motor with 3.6 
per cent slip 
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The corresponding rotor-bar current, by 
equations 1 and 2, is: 


3/5. 1822 48 
~ = X—~=350 amperes (20) 
T 2 45 


Rs 


As a further check upon the magnitude 
of the slip-frequency component, the 
slip-frequency loss was computed, also 
the total resistance per bar. The stator 
resistance between terminals was 1.139 
ohms at 55 degrees centigrade, so the 
stator copper loss was 295 watts. The 
fixed loss was 220 watts. Therefore: 
Rotor input = 4,570 —295 —220 =4,055 watts 

90 X 4,055 


= & ] ss=-—— 
Slip-frequency loss 1,800 


=203 . watts 


(21) 
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Figure 14. Rotor-bar currents 
of single-phase four-pole motor 
at synchronous speed, 1,800 
rpm, 220 volts, 5.13 amperes 
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The total rotor resistance per bar at 55 
degrees centigrade is: 


r=69 X10~® ohms (22) 


The amplitude of the slip-frequency com- 
ponent of current, then, computed from 
the value of loss shown in equation 21 is: 


203 * 10° 


R,=2X 
i 45 X69 


= 359 amperes (23) 
and this result checks very closely with 
the value shown in equation 20, but is 13 
per cent less than the value scaled from 
the oscillograms, as shown in table III. 
This may indicate an error of approxi- 
mately 15 per cent in the computed scale 
of the oscillograms, in spite of the care 
taken to obtain an accurate calibration. 


Effect Upon Motor 
Efficiency, Stray Loss 


The total loss determined by the con- 


ventional method of losses is: 
295+220+203 =718 watts (24) 


But the total loss determined by a careful 
dynamometer test is: 


4,570 —3,750 =820 watts (25) 
The stray loss at this load therefore is: 

820 —718=102 watts (26) 
which is over two per cent. Performance 


curves for this motor are shown in figure 
12, including a curve of stray loss in per 
cent of input. ~The shape of this curve is 
in substantial agreement with other pub- 
lished material. 

Several writers on the subject of stray- 
load loss in induction motors agree that 
the loss is largely due to high-frequency 
flux pulsations in the stator teeth, plus a 
relatively small tooth-frequency eddy- 
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current loss in the rotor bars. In the 
tests reported herewith, the tooth-fre- 
quency eddy-current loss was found to in- 
crease with load. The lower frequency 
band-frequency eddy-current loss was 
found to be of even greater importance. 
At full load, this component (see figures 
4 and 11) has a frequency of 345 cycles, 
and its amplitude rises and falls with a 
beat frequency of 2fs=6 per second. 
The rms value of this component per bar 
is computed to be: 


Uetr 304 128 (27) 
SS amperes 

2.388 2.38 

Table |. Current Distribution and Phase for 
360-Cycle Component 
Current 
Density Angle of Lag 

Level (Per Cent) (Degrees) 
BOD orgies enters ate ats LOO! Se nue 0 
Quarters. cach ee DO ee le eo 
IMiddiases cs toc. ce cto: DA Dink etal 79.3 
Bottom. se peer 2. 1S 4s haa toon 
Average:(total)s.4.04. +: 2GNO Mae ROS 
iectivennge msec. + oe 4256 
Table II. Rotor-Bar Current Distribution in 

Figure 10 
Tooth- Band-Frequency = 360 
Frequency 
Level 1,440 Cycles Measured Computed 

4) US i ie res SOO wicks cna US ane acne 183 
Ouarter ae a fo eer i aa iSite Ser eds 91 
Middie®, .3))-2.6 LO) cates. SOS: 44 
BOttoniine nea Sia Cee 20 er tne 24.5 
ROLAIMEM Aeneas te MeN Ree eon cveneidhuntes © Sei luce 47.5 
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Figure 16. Rotor-bar currents 
of single-phase four-pole motor 
with rotor locked, 220 volts, 


TOP 47.6 amperes 


QUARTER 


TIMING 
60 CYCLES 


Due to the distribution of this compo- 
nent in the end rings, the loss there is 
very small, and the resistance per bar 
may be taken as 34X10~° ohms instead 
of the value given in equation 22. The 
rotor loss produced by this component 
therefore is: 


W, =45 X (128)? X34 K10~®=25 watts (28) 


This is about a quarter of the stray load 
loss. 

In table III is shown a value of 225 
amperes for the peak rms value of the 
tooth-frequency component. This was 
computed from the curve of measured 


current density values shown. ‘The loss 


produced by this component is about 15 


watts, so the total high-frequency rotor 
current loss is 40 watts, which is nearly 
one per cent of input. 


Single-Phase Operation 


The same motor was operated single 
phase by opening one line after it was up 
to speed. At synchronous speed the 
computed band-frequency wave shapes 
are shown in figure 13; the underlying 
frequency of course is 120 cycles. A set 
of rotor current oscillograms taken at 
synchronous speed is shown in figure 14. 
As before the full-load pictures of figure 
15 show the band-frequency wave super- 
posed on the power current, but for single- 
phase operation the band-frequency cur- 
rent (118 cycles) is a little larger than 
the slip-frequency current (2.2 cycles). 

A locked test was also run on this motor 
connected single phase, and oscillograms 
are shown in figure 16. At standstill, all 
frequency components reduce to 60 cycles, 
giving a sine wave of current in the rotor 
bars. The shift in phase is shown by the 
drift to the right at the lower levels. 
Values of current density and phase angle 
with respect to the current at the top are 
shown in table IV; measured values taken 
from the film are compared with com- 
puted values. The check on phase angle 
is quite close. There is a satisfactory 
qualitative check on amplitude also, but 
the measured values seem to be too high, 
as noted previously in table III. 


Consequent-Pole Winding 


By reconnecting the coils of this motor, 
a three-phase consequent-pole winding 
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Figure 17. Rotor- 
bar currents of three- 
phase four - pole 
motor, consequent- 
pole connection 
1,710 «pm, 190 


volts, 14.4 amperes 


Gault—Rotor-Bar Currents 


ELECTRICAL ENGINEERING 


POWER FACTOR & EFFICIENCY - PER CENT 


@ STRAY LOAD LOSS-PER CENT 


> 


OUTPUT - HORSEPOWER 


Figure 18. Load-test curves of three-phase 
four-pole motor, consequent-pole connection, 
190 volts. Temperature 55 degrees centigrade 


was produced with eight coils per phase 
group for four-pole speed, that is using a 
phase band width of 120 degrees instead 
of 60 degrees and only two polar groups 
per phase. Upon analysis this gave a 
band-frequency wave similar to that 
shown in figure 2, but of half its frequency 
(180 cycles at synchronous speed) and 
approximately twice its amplitude. This 
is noted in the load oscillograms of figure 
17. The load-test curves of figure 18 
show decreased efficiency, particularly 
at heavier loads, and a considerable in- 
crease in stray-load loss, due almost en- 
tirely to the larger band-frequency cur- 
rent in the rotor bars. The test was 
run on 190 volts to get the same flux den- 
sity in the motor. 


Eight-Pole Operation 


The stator winding was reconnected for 
three-phase eight-pole operation. Using 


Ww 


Table Ill. Rotor-Bar Current Distribution in Figure 11 
0 Et A ae 


Band-Frequency = 345 


Tooth-Frequency 


Slip-Frequency =3 


Level 1,368 Cycles Measured Computed Measured Computed 
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Table IV. Rotor-Bar Current Distribution and Phase in Figure 16 
Amperes Per Bar Phase Angle—Degrees 
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the same coils as before, the coil pitch is 
four-thirds, which produces a band-fre- 
quency wave like that in figure 2; so the 
load oscillograms shown in figure 19 are 
quite similar to those in figure 11 except 
that the tooth ripple is almost entirely 
gone. 


Conclusions 


High-frequency components in the 
rotor-bar current may contribute a con- 
siderable portion of the stray-load loss in 
a squirrel-cage motor. By proper slot 
design, the tooth-frequency component 
may be controlled. The band-frequency 
component, however, depends upon the 
winding, and may be decreased by co- 
ordinating pitch and number of phases. 
If a pitch of five-sixths instead of two- 
thirds had been used with the three- 
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Figure 19. Rotor- 
bar currents of three- 
phase eight-pole 


motor under load 
with 5.55 per cent 
slip, 850 rpm, 224 
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volts, 6.1 amperes 
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phase four-pole winding, the band-fre- 
quency wave would be as shown in figure 
20 instead of that shown in figure 2. 
An analysis of this wave shows a band- 
frequency current loss of about one-third 
as much. 
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Classification and Co-ordination of 
Short-Time and Intermittent Ratings 
and Applications 


R. E. HELLMUND 


FELLOW AIEE 


Synopsis: The paper makes a comparison 
of permissible temperature rises for short- 
time and intermittent ratings and permis- 
sible rises for continuous ratings. It 
suggests methods for the application of 
short-time ratings to various typical classes 
of intermittent load conditions and pre- 
sents for each of these classes ways and 
means for properly co-ordinating the ratings 
of the major devices (motors and genera- 
tors) and the ratings of the auxiliary de- 
vices and conductors. 


Introduction 


HE present commercial standards for 

electrical apparatus and conductors 
usually provide continuous ratings and 
short-time ratings for periods of 5, 15, 30, 
60, and 120 minutes. The methods used 
for selecting ratings for various classes of 
intermittent or varying loads from these 
available ratings are rather indefinite 
and at times result in applications which, 
although generally satisfactory, are often 
not the most economical. It is shown 
in this paper that by following essentially 
the present practices of rating and appli- 
cation but also properly co-ordinating 
them and supplementing them with addi- 
tional data, a selection of the most suit- 
able short-time ratings can be made. A 
very simple procedure applying to the 
proper co-ordination of the main ap- 
paratus and the auxiliary devices and 
conductors is outlined at the end of the 
paper. To facilitate this co-ordination, 
standard temperature-rise values which 
seem suitable for short-time ratings of 
the main and auxiliary apparatus and 
conductors are derived and tabulated. 


Short-Time Ratings and Loads 

In many standards the short-time 
ratings are based on temperature rises 
higher than those on which the continu- 
ous ratings are based. Although the 
differences between the values for short- 
time and continuous ratings generally 
were selected arbitrarily, the basic prin- 
ciple of having a difference between them 
is sound. With short-time loads the 
maximum temperatures obtained can 
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last for only a relatively small part of the 
total time. Since the deterioration of 
insulation depends not only upon tem- 
perature but also upon the length of time 
the higher temperatures prevail, satisfac- 
tory life can be obtained if relatively high 
temperatures prevail for only a small 
part of the time. Tests have indicated 
that the life of insulation is halved 
for each eight- to ten-degree-centigrade 
increase in temperature, particularly for 
insulation exposed to oxygen in the air. 
It is proposed to use this rule here and to 
calculate for some typical short-time 
ratings the permissible maximum tem- 
perature rises which result in insulation 
life about equal to that obtained with 
temperatures specified as standard for 
continuous operation. (Methods  sug- 
gested by V. M. Montsinger for trans- 
formers)? and also outlined by P. L. 
Alger and T. C. Johnson? will be used for 
this purpose. These methods and the 
eight- to ten-degree-centigrade value 
may not apply to applications where 
oxygen is excluded, as in oil-insulated 
transformers with inert air protection or 
hydrogen-cooled machines.) 

Figure 1 shows a number of typical 
time-temperature curves for short-time 
ratings of a small induction motor. 
These curves have been calculated under 
the assumption that each eight-degree- 
centigrade increase in temperature 
halves the life of the insulation. On 
this basis, each of the curves shown 
will give insulation life equal to that ob- 
tained with a uniform rise of 60 degrees 
centigrade (by resistance) over the same 
period of time. Since the cooling curves 
approach the zero temperature line 
asymptotically (reaching zero after an 
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infinite time), it was necessary to limit 
arbitrarily the time for each curve, and 
the point at which the temperature rise 
drops to ten degrees centigrade was taken. 
This provides a margin of safety and re- 
sults in conservative curves. (All calcu- 
lations and discussions in this paper deal 
with temperature rise by resistance; the 
thermometer method is not very satis- 
factory for the study proposed.) 

It is seen from figure 1 that the permissi- 
ble temperature rises range from 80 to 
93 degrees centigrade, or an excess of 33 
to 55 per cent over the 60-degree tem- 
perature rise permissible for continuous 
operation." The use of these higher 
permissible temperature rises is of im- 
portance economically because, accord- 
ing to curve 1, a five-minute rating with a 
60-degree limit can be raised to an 11- 
minute rating for the higher temperature. 
Similarly, curve 2 shows an increase from 
a 15-minute to a 46-minute rating; 
curves 3 and 4 show increases from 30 to 
80 minutes and from 38 to 116 minutes 
respectively. Curve 4 has been chosen 
as a limiting case with a rate of tempera- 
ture rise of about one-half degree a 
minute at 60 degrees centigrade; for 
major devices such as generators, motors, 
etc., it is customary to apply continuous 
ratings rather than short-time ratings if 
the rate of temperature rise is lower. 


The curves of figure 1 are typical of 
most apparatus, the principal difference 
being that with larger devices the time 
values increase. This, however, does not 
affect the values of the maximum per- 
missible temperatures, which are in- 
fluenced essentially by the shapes of the 
curves and which vary to some extent 
with different types and sizes. Allowing 
for such variation within usual limits, it 
seems safe to select for standardization 
purposes temperature rises 25 to 40 per 
cent higher for short-time ratings of 
major devices than for continuous rat- 
ings. Table I, column 2, suggests stand- 
ard values of temperature rise for short- 
time ratings of major devices correspond- 
ing to the values for continuous ratings 
in the first column. The values are con- 
servative and higher values might be 
justified. (After testing class B insulated 
d-c motors for short-time ratings now 
based on 75 degrees temperature rise by 
thermometer, F, A. Compton recom- 
mends a temperature rise of 105 to 120 
degrees centigrade by resistance; the 
table gives 100 or 110 degrees centigrade.) 

The considerations thus far can be ap- 
plied to any type of apparatus or con- 
ductors within the limits stated. (Natu- 
rally modifications in some of the values 
mentioned must be made when values 
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TEMP. RISE — °C. BY RESISTANCE 


TIME—MINUTES 
Figure 1. Permissible temperature rises for 
various short-time loads 


other than 60 degrees permissible tem- 
perature rise for continuous load apply.) 
However, if the main devices are con- 
nected in series with various auxiliary 
devices or conductors having much 
smaller time constants than the main de- 
vice, the conclusions derived so far must 
be modified for the auxiliary devices or 
conductors. This is demonstrated in 
figure 2a, curve 2 of which corresponds to 
curve 2 of figure 1 and is considered rep- 
resentative of main devices such as gen- 
erators, motors, etc. Any smaller de- 
vice or conductor connected in series 
with the main device and having a 


Table |. Suggested Relation of Temperature 
Rises (by Resistance) for Short-Time Ratings 
to Rises for Continuous Ratings 


—— = 


Short-Time Ratings 


(Deg C) 
Small 
Continuous Auxiliary 
Ratings Main Apparatus or 
(Deg C) Apparatus Conductors* 
PAD rey ee diel Splions ies 25 25 
BOR Bene cis wat uct e.e,5' © 30 or 35 30 
SO mrotenateeraic srs) 2 ets a.5/6 40 35 
MOD Pete a steisi ist saronne 6:8 50 or 55 45 or 50 
PMO cco ie Ema aie Wiig bss 0 BO CET On cig out 55 or 60 
60 (class A insula- 
EIGN Re were oon gu ie 80 eae 70 
80 (class B insula- 
TLOTE POs eee Siete e: a 100 or 110.... 90 or 100 
NO erence Meret he traci cine ys: Xa i 125 .---L10 or 125 


The values in this table are chosen from the pre- 
ferred values suggested in AIEE Standard number 
1.0 In general they should give satisfactory life 
of insulation if the rated load is continually reap- 
plied after the apparatus temperature has dropped 
to about ambient temperature. Practical cases of 
application of this kind are rare. As a rule, con- 
siderable time elapses between the applications of 
loads, and whenever this is the case the application 
of apparatus can be made so as to reach even higher 
temperature-rise values than those suggested for 
standard rating purposes in the table. Although 
the value of 80 degrees centigrade suggested in the 
table to correspond to 60 degrees rise for continuous 
load does not take full advantage of the permissible 
rises indicated in figure 1, the increases in time over 
the 60-degree values are still appreciable, ranging 
from 65 to 250 per cent. 


*These values also may be used if the short-time 
operation of small auxiliary apparatus or conductors 
results in the same temperature rise obtained with 
continuous operation at the same load. 
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smaller time constant will show more 
rapid initial temperature rise, and_ if 
loaded as long as the main device, will 
run at temperatures near the maximum 
for longer periods than the main device. 
This in turn means that to get equally 
satisfactory insulation life the maximum 
temperature-rise values must be kept 
lower. Curve 6, figure 2a, applies to an 
auxiliary device with a small time con- 
stant giving the same insulation life (with 
the same class of insulation) assumed for 
the main device. It is seen that 80 de- 
grees centigrade is the maximum per- 
missible value for the auxiliary device in- 
stead of 86 degrees centigrade indicated 
for the main device. Curve 4 in figure 
2b corresponds to curve 4 in figure 1 and 
is another typical curve for the main de- 
vice. Curve 7 has been calculated for an 
auxiliary device with a smaller time con- 
stant to give the same insulation life. 
Again a smaller maximum temperature 
rise (71 degrees centigrade) must be 
chosen for the auxiliary device than the 
80 degrees for the main device. Here the 
auxiliary device reaches constant tem- 
perature during the load period. 

In view of the conditions just described, 
it seems advisable to use lower maximum 
values of temperature rise for the rating 
of small auxiliary devices and conductors 
intended for short-time service. This 
practice need not be altered by the fact 
that, as in figure 2b, the short-time rat- 
ings of the auxiliary devices or conductors 
give the same temperatures as obtained 
with continuous operation at the same 
load. The values in column 3 of table I 
are suggested for the standardization of 
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S 


TIME~MINUTES 


Figure 2. Comparison of permissible tempera- 
ture rises for short-time loads of apparatus with 
different time constants 


small auxiliary devices and conductors 
used in conjunction with main devices 
in short-time service. In general, where 
two values are given, the lower value of 
one column should be used with the lower 
value of the other column. 


Intermittent and Varying Loads 


Typical intermittent and varying load 
cycles are illustrated in figure 3. During 
the time (7,) the apparatus is heavily 
loaded and carries a current (J), while for 
the remaining period (7;) it may carry 
no load, as in the case of a welding gen- 
erator’ (figure 3a). Figure 3b represents 
such apparatus as a-c induction motors, 
which are loaded during the period (7,) 
and not loaded during (7;), but which 
have to carry a magnetizing current 
(7,;) during the off periods. There is 
little change in principle if the motor, in- 
stead of carrying a magnetizing current, 
carries a light load (7;) as indicated in 
figure 3c. This might occur with an in- 
dustrial mill which is driven light during 
(T;) and loaded during (T;). In all the 
applications cited, the rms current (7) is, 
of course, less than the current (Z) during 
the heavy-load period. (In this discus- 
sion, service conditions as illustrated in 
figures 3 and 10 are of the type which as a 
rule can be handled by devices having 


Typical intermittent and varying 
(periodic) load cycles 


Figure 3. 
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“short-time” ratings. Although many 
of the considerations in the paper are 
applicable to other cases, no attempt has 
been made to include a complete study 
of varying loads which are generally 
handled by devices having continuous 
ratings or a combination of continuous 
ratings and certain overload ratings.) 


Figure 4. Ratio of rms current to load current 
for intermittent and varying load cycles 


Very often the current (J) during the 
load period is a significant value in ma- 
chine design for considerations other than 
heating. A commutator machine, such 
as a welding generator’ for instance, must 
be able to commutate the current (J) 
satisfactorily during long periods of 
machine operation. In an _ induction 
motor the value (J) is equivalent to a 
torque required for driving the load and 
it is necessary that the pull-out and 
starting torques of the motor have certain 
definite relations to the running torque 
if satisfactory operation and a sufficient 
margin of safety are to be obtained. 
Again, the value (J) may be of signifi- 
cance in the regulation of the machine or 
apparatus. In these examples, current 
(z) is of importance only in the heating of 


Figure 5. Temperature variation with inter- 
mittent and varying (periodic) load cycles of 
long duration 


the machine, while current (J) has con- 
siderable bearing on various other char- 
acteristics, including the mechanical de- 
sign. It should therefore appear in the 
rating structure and it is suggested that 
the nominal rating of the apparatus be 
selected to correspond to the current (/) 
and that the heating current (7) which 
it can carry within safe limits of tempera- 


‘ture rise continuously, be indicated by a 


suitable service factor 
(1) 


This has been previously suggested by 
others (Alger,4® Johnson,>*® and Hilde- 
brand’) and seems to be a simple method 
for supplying fairly complete information 
about heating as well as other character- 
istics of practical importance. It has also 
been suggested that no reference whatso- 
ever be made to temperature conditions 
in connection with the nominal rating 
corresponding to current (J).° However, 
since practically all nominal ratings of 
electrical apparatus are now tied in with 
temperature considerations in some way 
or other, it seems desirable to retain the 
temperature rating as the primary basis 
for all nominal ratings. This can very 
readily be done because current (J), al- 
though it cannot be carried continuously 
with many devices, can always be carried 
for at least limited periods and be tied 
in with one of the standard short-time 
(5-, 15-, 30-, 60-, or 120-minute) ratings. 
In this way the length of time the ma- 
chine can carry the current (J), starting 
with the machine cold, is indicated. This 
additional information makes it possible 
to select for all applications the proper 
wiring and devices connected in series 
with the main apparatus, which is very 
essential for an economical and successful 
combination of all parts of the circuit. 
(If the conditions are such that any of 
the factors, such as commutation, torque, 
regulation, etc., call for a main device 
which can carry the current (J) continu- 
ously, it can be given a continuous rating 
(1) and the methods described here will 
then be of no practical importance with 
reference to the main apparatus. How- 
ever, they may be of assistance in the 
most economical selection of auxiliary 
apparatus and conductors.) 


The rms current (7), dependent upon 
the load cycles shown in figure 3, is 


i=IV E+ FU1—2) (2) 


in which (k) is the ratio of the load pe- 
riod (T,) to the total period of the cycle 
(T), and (F) is the ratio of the rms cur- 
rent during the low-load periods to the 
rms current during the heavy-load pe- 
riods. In figure 3a, with F=0, we have 


i=IV k (3) 


Figure 4 has been calculated from for- | 
mula 2 and gives the rms current for any | 
value of k and F. 

With the regularly repeating (periodic) — 
load cycles shown in figure 3, it is evident 
that the drop in temperature during each 
light- or no-load period must at least 
equal the rise in temperature during 
each heavy-load period in order to obtain 
a stable cyclic temperature condition in 
which permissible temperature values | 
are not exceeded. (See figure 5.) It 
follows directly that with a heavy-load 
period (7,), a time (7;) must be allowed 
for the light- or no-load period, resulting 
in a total time (7) for each cycle. With 
the time-temperature curves A and B 
fixed by the loads and apparatus charac- 
teristics, the maximum ratio of T,/T=k 
is definitely limited. It is dependent 
upon the ratio (R) of the average rate of 
drop (B,) to the average rate of rise (A) 
and follows from 


R 


ke (4) 
1+R 


These relations are basic to all regu- 
larly repeating (periodic) intermittent or 
varying loads. A more complete outline 
of this method of analysis by time-tem- 
perature curves is given in a previous 
paper.* In that paper it was generally 
assumed that the peak temperature rises 
reached with short-time ratings and dur- 
ing intermittent loads should be the same 
as the permissible temperature rises for 
continuous loads. This, however, does 
not take advantage of the fact that the 
latter temperature may be safely ex- 
ceeded for limited periods. An attempt 
will therefore be made in the following 
to take advantage of this possibility for 


Figure 6. Permissible temperature rises for 
typical periodic loads 
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DEVICES & CONDUCTOR 
WITH Cu, LOSSES ONLY » 


DEVICES WITH Cu. 
LOSSES |/3 & CORE 
LOSSES 2/3 OF TOTA 


TEMPERATURE RANGE~*°C. PER LOAD CYCLE 


Figure 7. Service factor S, takes into account 
the amplitude of the cyclic temperature 
variation 


intermittent load applications as in 
figure 5. 


Class 1A Intermittent Service 


For this class of service it is assumed 
that the ventilation conditions are not 
appreciably changed between the heavy- 
load and the light- or no-load periods. 
This applies to most stationary devices 
or conductors unless they are equipped 
with adjustable forced ventilation; it 
also applies in general to constant-speed 
machinery while running. It is further 
assumed that the load periods are rather 
short and the variation in temperature 
rise will be so small that it can be neg- 
lected. 

Since with these assumptions the tem- 
perature of the machine is about constant, 
the value (z) should be such as to give a 
safe temperature rise for continuous 
operation. For this type of service it is 
therefore necessary merely to select ap- 
paratus having a short-time nominal rat- 
ing (J) with a service factor at least equal 


ty 
= (5) 


The method outlined under class 14 
should be satisfactory if its use is con- 
fined to applications where the heavy- 
load period is limited to ten per cent of 
the time (7,) on which the nominal rating 
is based; that is, in the case of a 30-min- 
ute rating, for instance, the load period 
(T,) does not exceed three minutes. 
Then the total temperature variation 
during the cycle will as a rule be less 
than ten per cent of the temperature rise 
for continuous operatiorf and the excess 
temperature will be less than five per 
cent. 
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TEMP. RISE-°C. BY RESISTANCE 


The wiring and auxiliary devices con- 
nected in series with the main machine 
or apparatus usually have smaller time 
constants. Therefore, their temperature 
variations in percentage of the average 
temperature rise during the time periods 
just indicated may be larger. This 
makes it advisable to select them for a 
continuous rating five to ten per cent 
larger than the rms value of the load. 


Class 2A Intermittent Service 


For class 2A applications, it is assumed 
that the cooling conditions are essen- 
tially the same during the entire load 
evcle but that the time for each cycle is 
increased to the point where the variations 
in temperature can no longer be neglected. 
Figure 6 shows three typical time-tem- 
perature curves, each for a single cycle 
with a total temperature change of 20 
degrees centigrade. These curves also 
have been calculated to give a life of in- 
sulation equivalent to that obtained with 
continuous operation at 60 degrees centi- 
grade rise. Figure 6) has a curvature in 
the rising curve about equal to that of 
the dropping curve. This means that 
the results are the same as they would 
be with the triangular time-temperature 
curve A,B,. The maximum permissible 
temperature rise is 68.6 degrees centi- 
grade. With curves 6a having more 
curvature in the rising curve and thus 
giving longer periods for the higher tem- 
peratures, the maximum must be kept 
lower, that is to about 67 degrees centt- 
grade. The opposite condition shown in 
6c led to a higher maximum of 72 degrees 
centigrade. The average of the tem- 
perature rises for these cycles varies 
within the narrow range of 57.9 to 58.6, 
that is, 1.4 to 2.1 degrees centigrade, or 
2.3 to 3.5 per cent below the temperature- 
rise value for continuous load. Thus, 
in order to obtain satisfactory operation 
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Figure 8. Comparative analysis of temperature conditions for apparatus 
of different time constants during periodic load cycles 


the losses must be lowered 2.3 to 3.5 per 
cent. In devices having only copper 
losses, this means a reduction of only 1.1 
to 1.7 per cent in rms current. In ma- 
chines designed for intermittent service 
the core losses are often relatively high, 
and therefore the copper losses may be 
as low as one-third of the combined losses. 
The same reduction in total losses may 
therefore require a reduction of about 7 
to 10.5 per cent in the copper losses, 
which means 3.5 to 5.5 per cent reduction 
intherms current. This is too liberal be- 
cause. the influence of the core losses 
upon the copper temperature is usually 
much less than that of the copper losses. 
It would thus seem that an allowance of 
five per cent, or a service factor S.=0.95, 
to cover the difference between case 
1A and 2A would be quite safe for a varia- 
tion of 20 degrees centigrade. The 
curve for S, in figure 7 has been based on 
this line of reasoning and covers the 
range of temperature variations usually 
found in practice. 

Determination of the exact tempera- 
ture variation would require a complete 
time-temperature curve analysis. It can 
be safely assumed, however, that it usu- 
ally does not exceed the value r(7,)+ 
(T,) in which T,=the time of heavy load 
per cycle, 7,=the time used as a basis 
for the short-time rating, and r=the 
temperature rise upon which this rating 
is based. It is thus possible to calculate 
safe maximum limits for the temperature 
variation and then find the value S, for 
this cycle from figure 7. The service 
factor for class 2A applications is then 


Si= S152 (6) 


The application of smaller auxiliary 
devices and conductors with main de- 
vices in intermittent service of this class 
cannot be made safely by the method out- 
lined under class 14. Depending upon 
their time constants, the temperature 


TRANSACTIONS 795 


Figure 9. Service 
factor S; takes into 
account variations in 
ventilation during 


the load cycle 


SERVICE FACTOR Sey. 


rises of the auxiliary devices and conduc- 
tors may vary over wide ranges and it is 
hardly feasible to set any safe practical 
limits for the variation. 

Two distinctly different typical condi- 
tions are shown in figure 8. In figure 8a 
we have heating curve A and cooling 
curve B for a main device. An auxiliary 
device with smaller time constant and 
designed for the same short-time tem- 
perature rise will have a flatter curve 
(C) for the upper part of the heating 
curve, and a steeper curve (D) for the 
cooling curve. With a load time (7;) 
and idle time (7;), stable repeating con- 
ditions are obtained with a maximum 
temperature rise of 68 degrees centigrade 
for the main device and 54 degrees centi- 
grade for the auxiliary device, as found 
by the methods described in a previous 
paper.? It follows that with conditions 
shown in figure 8a, the auxiliary device 
will have lower temperature rises than 
the main device if based on the same 
temperature rise for the same short-time 
rating. Entirely different results are 
obtained if the time constant of the 
auxiliary device or conductor is so small 
that maximum temperature is reached 
during the time (7,), as shown by curve 
F, figure 8b. It is at once evident that 
with curves F and G of the auxiliary de- 
vice or conductor, insulation life will be 
shorter than with curves A and B of the 
main device. This undesirable condition 
can be largely eliminated by lowering the 
rating temperature of the auxiliary device 
or conductor as suggested under short- 
time ratings in column 3, table I and il- 
lustrated by curves H and K in figure 8b. 
It can therefore be concluded that for in- 
termittent service of this 24 class, the 
auxiliary devices and conductors having 
the same short-time ratings as the main 
device can be selected if ratings are based 
on 


(a). The same temperature rises (column 
2, table I) as the main device, if the auxiliary 
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device does not reach its maximum tem- 
perature during the load period (77); 


(b). A somewhat lower temperature rise 
(column 3, table I) if the auxiliary device 
reaches its maximum temperature during 
the load period (7;,). 


In general, conditions under (a) will apply 
to all except very small auxiliary devices, 
while conditions under (6) may be found 
to apply frequently to conductors. If 
suitable temperature rises, as indicated 
here, are used in the standardization of 
devices and conductors for intermittent 
service, their application becomes ex- 
ceedingly simple and consists merely in 
combining apparatus and conductors hav- 
ing the same short-time rating with ref- 
erence to current and time. 


Class 1B Intermittent Service 


In some classes of application, ventila- 
tion conditions are considerably different 
during the periods of heavy and light 
load or no load. This is true in any case 
where artificial cooling is automatically 
stopped, except during the heavy-load 
period. A more common application is 
represented by motors carrying a current 
(I) while loaded and running and which 
stand still during idle periods. In these 
applications the rate of cooling is usually 
reduced because of the reduced ventila- 
tion, although with motors standing still 
this is at least partially compensated by 
the absence of those losses (essentially 
core losses) occurring with the motor 
running light. In some applications, 
especially enclosed motors, the elimina- 
tion of losses may more than counteract 
the reduced cooling. 

If the ratio of the cooling rate for class 
1A to that for class 1B during no-load 
periods is assumed to be (f), it follows that 
the necessary drop in temperature for 
each cycle can be obtained for class 1B 
if the no-load time is increased from T; 
to T;!=fT;. Consequently, we can ana- 
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lyze class 1B applications the same 
class 14 merely by substituting the tit 
(T?) for (T;). By replacing in formul 
ne , 
2 and 3 the value k by k T+)" 
find a reduced current (71) which t 
motor is able to carry continuously r 
gardless of the reduced ventilation, a 
suming that the total time per cycle 
too short to give appreciable temperat 
variations. The ratio of this curre 
(71) to the current (7) which the mot 
can carry while running continuousl 
may be represented by another servic 
factor (S53). It can be calculated fo 
F=0 from the following formula 
1 ieir T 7 


ES Se (7) 
Tet iT k+f(1—k) 


Figure 9 gives this service factor fo 
various values of k and f. With the ai 
of these curves the current (z,) can be 
found directly from the smaller actual 
rms current (7'). The total service factor 
for class 1B applications is, therefore, S= 
S,S3. Suitable values for (f) can be de- 
termined by the test method described 
in a previous paper,’ taking cooling curves 
with the motors running and at rest. 
The method here outlined for class 1B 
motors should be satisfactory if the run- 
ning time per cycle does not exceed ten 
per cent of the rating time (T,). 

The application of conductors and 
auxiliary devices follows the same gen- 
eral principle as suggested for class 14, 
using the actual rms current as a basis. 
This, of course, is under the assumption 
that the cooling conditions of the con- 
ductors and auxiliary devices are the 
same for both the load and the idle pe- 
riod, which is generally true. 


ll 
ll 


Class 2B Intermittent Service 


For class 2B applications it is assumed 
that the ventilation is different for the 
high-load and the low-load or no-load pe- 
riods, but that the time for each load 
cycle is so long that temperature varia- 
tions become of practical importance. 
Thus, class 2B applications have the 
same relation to class 1B as class 2A have 
to class 14. It is therefore necessary 
to introduce, in addition to the service 
factor (.S3), the service factor (52), which 
leads to the service factor 


S= SiGeSs (8) 


If auxiliary devices and conductors areé 
combined in this service with the mair 
devices by the methods suggested for 
class 2A applications, they will as a rule 
have an unnecessarily large margin o: 
safety. The reason for this is that the 


ELECTRICAL ENGINEERINC 


s and conductors usually remain un- 
anged, while those of the main device 
re reduced during the ideal periods. 
lowever, it is not safe to suggest any 
ther practice which is generally appli- 
able. In specific applications, with 
own conditions and additional analy- 
is, further economies may be accom- 
lished, but as a rule the gains possible 
ill be of minor importance in the total 
ost. 


General Discussion of 
_ Service Factors 


S; indicates the ratio of the current 
siving a safe temperature rise with con- 
tinuous operation to the current corre- 
sponding to the nominal (short-time) 
rating. It is governed by the design of 
the apparatus and the temperature rises 
used as a basis for short-time and continu- 
ous ratings; it must be determined by 
test. Minimum values for (S,) should be 
known and be standardized for certain 
types, classes, and ranges of ratings, the 
sane as is done with torque ratios. 
This is exemplified in table II. 


Table Il 
5-minute ratings........... 5 he sie ee 
Peywtsitte TRUNGS.. Woe vawscccce ewes Si=0.60 
BO-minute Tatings.. o. cn sce se cess < Si=0.70 
UERMNTS TALES. 0c ccs se ces css Si: =0.80 
PBU-minwte FAtNES.. 66s ens ow es ew oe Si =0.87 


Se makes allowance for temperature 
variation during long load cycles. It is 
governed partly by the type of applica- 
tion and partly by the design of the ap- 
paratus. However, since it does not 
vary widely, it can be shown with sufh- 
cient accuracy for most practical purposes 
by curves as shown in figure 7. As 
pointed out there, higher values than 
those indicated for S, in the full-line 
curve apply to cases where the copper 
losses essentially govern the temperature 
rise of the windings (dotted curve in 
figure 7). 

S; makes allowance for differences in 
ventilation which may exist between the 
heavy-load and the light- or no-load pe- 
riods. It is influenced by both the type 
of application and characteristics of the 
apparatus. The influence of the former 
is covered in formula 7 by the factor (%) 
determined from the service condition. 
The factor (f), depends upon the appara- 
tus characteristics. It is not recom- 
mended here that (f) be made a part of 
the rating structure but that for various 
types of motors, values for (f) be estab- 
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CASE 2A 
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Sp*.9 S\=.67 
30 MIN. RATING 
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21667 S5=.83 
S_*.95 S$, *.724 
60 MIN. RATING 


CASE IC 
SHORT CYCLES 
Se=.9 -$,*.667 
30 MIN. RATING 


CASE 10 
SHORT CYCLES 
$,*.75 

60 MIN. RATING 


lished which are safe but which do not re- 
sult in uneconomic applications. 


Selection of Short-Time Ratings for 
Intermittent or Varying Loads 


(a). 


The variety of conditions met in prac- 
tice makes it impossible to outline a 
method of application suitable under all 
circumstances. However, the data pre- 
sented here are suitable for the majority 
of applications and should prove helpful 
in giving results quickly. Both periodic 
load cycles as shown in figure 3 and load 
cycles with irregular intermittent loads 
as in figure 10 can be calculated as 
follows. 


Matn APPARATUS 


Divide the entire time into high- and 
low-load or no-load periods; then calcu- 
late the rms current for all the high-load 
periods. The resultant value is the cur- 
rent (J) of our previous analysis and it is 
used for the selection of the current 
value of the nominal short-time rating 
(or horsepower or kilowatt ratings corre- 
sponding to this current value). 

The current value (7;) previously used 
is found by calculating the rms current 
for all the low-load periods and it permits 
the calculation of F=7,/J. The value 
(k) is obtained by dividing the time of all 
high-load periods by the total time. The 
resultant actual rms current (7) can now 
be found from formula 2 or figure 4. 
From here on we have to distinguish 
between different classes of applications. 


Class 1A: If with a load as shown in figure 
3 or 10A the ventilation is essentially con- 
stant and the load periods short, find 2/J. 
Then select from such tables as table II 
the nominal short-time rating for the cur- 
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Figure 10. Some typical load cycles analyzed 
by the methods suggested 


rent J which has a value 5S, at least equal to 
4/I. 

Class 2A: If, again, with the load as shown 
in figure 3 or 10A the ventilation is es- 
sentially constant but the periods for some 
of the heavier loads are long, find S, from 
figure 7; determine 1/S,J, and select a 
rating having a value (S;) which is at least 
equal to 1/SoJ. 


Class 1B: If the ventilation changes be- 
tween heavy- and light- or no-load periods 
and the load periods are short (figure 3a or 
10B), find S; from formula 7 or figure 9, 
determine 7/537, and select a rating at least 
equal to 1/S3J. 


Class 2B: If the ventilation changes be- 
tween heayy- and light- or no-load periods 
and some of the periods for the heavier 
loads are long, find both S; and $3, determine 
1/S_S3I, and select a rating with S; at least 
equal to 1/SS37. 


If the load cycles are distributed rather 
unevenly in time as in figure 10C, it is evi- 
dent that there will be some fluctuation in 
the temperature rise even though the in- 
dividual load cycles are very short. If 
the periods (P) over which the load cycles 
are distributed are shorter than the rat- 
ing time of the device, the use of a service 
factor of the general order of S» will give 
reasonably correct results. If, on the 
other hand, the period (P) is rather long 
as shown in figure 10D, it is safer to calcu- 
late results under the assumption that 
the load conditions prevailing during 
(P) are continuous. The loads in figures 
10A to 10D have all been assumed to have 
the same value (J) and thus the same 
nominal current rating. It will be inter- 
esting to note the rms values of 7/J and 
S; in figure 10 and the time values to be 
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Atmospheric Variations and Apparatus 


Flashover 


P. H. McAULEY 


ASSOCIATE AIEE 


I. Introduction 


N practically all electrical apparatus 

use is made of the insulating proper- 
ties of air. The electrical breakdown 
strength of air, for the electrode arrange- 
ments found in apparatus, depends upon 
air temperature, pressure and moisture 
content. This condition has long been 
appreciated and recognized in various 
standards for testing and for determining 
insulation ratings. However, the range 
and significance of the extreme conditions 
encountered, is not always appreciated. 
It is proposed, therefore, to consider the 
variations found in actual service and 
determine how well current standards and 
application practices cover these varia- 
tions. In addition, the desirability of 
uniform application practices and refer- 
ence ranges for different apparatus is 
suggested. 


Paper 41-35, recommended by the AIEE committee 
on standards, and presented at the AIEE winter 
convention, Philadelphia, Pa., January 27-31, 
1941. Manuscript submitted September 5, 1940; 
made available for preprinting December 9, 1940. 


P. H. McAuvtey is laboratory engineer for the 
Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. 


1. For all numbered references, see list at end of 
paper. 


II. Current Practice 


Wherever test margins are important, 
test values obtained under various actual 
weather conditions are corrected to the 
American standard conditions, which are: 


Temperature 77 degrees Fahrenheit 
Barometric pressure 29.92 inches of mercury 
Humidity 0.6085 inches of mercury 


According to most apparatus stand- 
ards, equipment which meets the speci- 
fied voltage tests, corrected to these con- 
ditions, may be used at any of the tem- 
perature and humidity conditions en- 
countered in nature and at any baromet- 
ric pressure encountered at altitudes up 
to 3,300 feet. The corrections for differ- 
ent air conditions are in many cases 
quite large and the actual flashover volt- 
age of a piece of equipment in service may 
differ by as much as 25 per cent from the 
value for standard test conditions. The 
internal insulation of apparatus is not af- 
fected by the changing dielectric strength 
of the ambient air and in some cases the 
internal insulation may not be applied 
effectively and economically because of 
this situation. On the other hand, the 
internal insulation may be overstressed 


when conditions of unusually high exter-_ 


nal flashover prevail. Thus the varia- 
tions.in air conditions also are of some 
concern to the designer in that equipment 
insulation must be suitable for the most 
unfavorable conditions encountered in 
use, 


III. Temperature, Pressure, 
Humidity 


(a). TEMPERATURE 


Flashover (and sparkover) voltages 
through air vary inversely with the abso- 
lute temperature. Figure 1 shows the 
variation in per cent for temperature 
ranges encountered in the U.S.A. 


(b). BAROMETRIC PRESSURE 


Flashover voltages vary directly with 
the barometric pressure. Ina given loca- 
tion the pressure ordinarily does not vary 
through more than a five per cent range. 
However, barometric pressure and the 
dielectric strength of air do vary with 
altitude. Figure 2 indicates the relation. 


(c). 

Flashover voltages for nonhomogene- 
ous dielectric fields vary with the absolute 
humidity of the air. The change in these 
voltages depends upon wave form, po- 
larity, and the kind of apparatus tested. 
Correction curves, of which figure 3 is 
typical, must be obtained experimentally. 


HUMIDITY 


(d). RELATIVE ATR DENSITY 


The effect of temperature and of pres- 
sure have been combined into a single 


chosen for the ratings; the latter range 
from 15 to 60 minutes for the various serv- 
ice conditions. 


(b). AuxiLiaRY Devices AND Conpuc- 
TORS 


For all classes of applications discussed 
under “‘main devices,” safe temperature 
rises are obtained for the auxiliary de- 
vices and conductors if they are rated 
for the same current value (J) and the 
same time as the main apparatus, as- 
suming that the method of establishing 
short-time ratings outlined under class 
2A is followed. For applications 14 and 
1B with short-load periods which are 
definitely limited by the type of applica- 
tion, further economies can be safely ef- 
fected by selecting auxiliary devices and 
conductors having continuous ratings 
corresponding to the actual rms values, as 
discussed under 14 and 1B. 

Obviously, all the methods outlined 
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here may have to be modified in extreme 
or unusual cases which depart from the 
assumptions and limitations indicated in 
the paper. 


Conclusions 


The selection of the most suitable and 
economical short-time ratings of main 
devices, auxiliary devices, and conduc- 
tors, all properly co-ordinated, has been 
reduced to an extremely simple proce- 
dure for many of the intermittent and 
varying loads found in practice. Uncer- 
tainties and uneconomical combinations 
previously encountered can be eliminated 
by the co-ordinated practices suggested 
for rating and application. 
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TEMPERATURE °F. 


actor, known as relative air density, 
vhich is unity for the standard conditions 
f temperature and pressure. For other 
‘onditions the relative air density is 


17.95 X bar. press. (inches) 
160+ temp. degrees Fahrenheit 


‘lashover voltages actually vary at a 
ate less than the relative air density, 
yut for practical purposes, the slightly 
essimistic assumption that they follow 
he relative air density directly is satis- 
actory.! 


e). MAGNITUDE OF CHANGES 


It is seen that temperature alone may 
sroduce a change in flashover voltage of 
30 per cent. An elevation of 3,300 feet 
educes flashover voltage 11 per cent, 
leglecting daily variations. Annual 
variations in humidity cause a change in 
lashover through a 20 per cent range. 
[hese effects, therefore are important and 
heir combined results are of interest. 


V. Service Conditions 


a). TEMPERATURE 


Temperatures in the continental U. 5. 
rary from 120 degrees Fahrenheit to—50 
legrees Fahrenheit. In terms of the 
rariation from 100 per cent flashover at 
7 degrees Fahrenheit, these correspond 
o —8 per cent and +31 per cent change. 
Maximum and minimum temperatures 
or some typical cities, where high volt- 
ie apparatus may be used, are given in 
able I. 


b). BAROMETRIC PRESSURE 


An altitude map of the U.S.A. is shown 
n figure 4. Maximum and minimum 
Ititudes by states are given in table II. 
t follows that a considerable part of the 
vestern states is above the 3,300-foot 
vel to which standard apparatus is ap- 
licable. From table I also, the eleva- 
ions of the cities listed range up to 7,000 
set. Consequently, a good deal of equip- 
nent is installed at altitudes above the 
tandard range of 3,300 feet. 
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Figure 1. Flashover 
voltages vary through 
a range of over 30 
per cent due to 
temperature changes 

of ambient air 


(ec). Humiprry 


In general, the absolute humidity is 
lowest at low temperatures, where the 
air becomes saturated at very low mois- 
ture contents. For locations near large 
bodies of water high temperatures and 
high humidities tend to coincide and these 
two factors tend to cancel in their effect on 
flashover. However, table I indicates 


CORRECTION 
FACTOR 


PERCENT 


10900 


ALTITUDE- FEET 


Figure 2. Flashover voltages vary directly with 

the barometric pressure which is 70 per cent 

of mean sea level pressure at 10,000 feet 
altitude 


that, for the high inland locations, abso- 
lute humidities are quite low, even at 
times of maximum temperature, at Den- 
ver, for example. 


(d). COMBINED EFFECTS 


The change in flashover voltages for 
these extreme conditions in certain cities 
has been calculated and is shown in table 
III. The range of the variations likely 
to be encountered in extreme cases 1s 
around 27 per cent. Attention is called, 
however, to Great Falls, Montana, which 
is just below the 3,300-foot altitude limit. 
At this location, standard apparatus 
would at times suffer a reduction in flash- 
over strength of practically 25 per cent. 
It should be pointed out that variations 
in barometric pressure and in humidity 
from the values assumed or recorded 
might influence the figures given another 
two or three per cent in either direction. 
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V. Rain, Fog, Dirt, Salt Spray 


In addition to encountering a reduction 
in the dielectric strength of air, electrical 
insulating surfaces, such as porcelain 
bushings and insulators, frequently are 
subjected to rain, fog, and foreign de- 
posits. A heavy rain will reduce the 
flashover voltage of a new clean insulator 
30 per cent. Fog or rain on a dirty insu- 
lator may reduce the effectiveness of the 
insulator to the point where operation at 
rated voltage is impaired. In such cases 
special types of insulation may be applied 
or periodic cleaning may be found neces- 
sary, Wanger* and others have pre- 
sented quantitative data on this subject, 
which is outside the scope of this paper. 
VI. Apparatus 

For a practical illustration of apparatus 
application, bushings will be considered. 
The basic insulation levels, based on an 
impulse voltage-withstand test, for dif- 
ferent voltage classes have been suggested 
for standardization. These levels are 
shown in figure 5, with the reduced corre- 
sponding values for altitudes of 5,000 and 
10,000 feet. For the higher voltage 
classes, the next higher voltage class ap- 
plies quite well for steps in elevation of 
the order of 3,000 to 5,000 feet. From 15 
to 69 ky the insulation steps do not lend 
themselves as readily to this practice. 
Naturally, in any practical application 
compromises must be made between 
maintenance of insulation levels and sub- 
jecting internal insulation of apparatus 
to excessive voltages. To avoid an ex- 
cessive number of designs, it probably is 
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Figure 3. Flashover voltages vary with ab- 


solute humidity. The annual range is over 
20 per cent for locations at moderate altitudes 
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VARIATION OF 
ALTITUDE 


MMR 10,000 FEET AND OVER 
YA, 5000 TO 10,000 FEET 
BERRY 2000 To 5000 FEET 
WA \000 TO 2000 FEET 
500 TO 1000 FEET 


100 TO 500 FEET 


[ane] SEA LEVEL TO 100 FEET 


Figure 4. The mean elevation of the United 

States, including Alaska, is 2,500 feet. About 

8.3 per cent of the earth’s land lies above 

6,000 feet and about 2.5 per cent is above 
12,000 feet elevation 


most economical to use the next largest 
bushing with a gap to reduce its flashover 
at the altitude in question to the basic 
insulation level of the apparatus. The 
variations due to temperature and hu- 
midity cannot be controlled. Hence, ex- 
cessive approximations in apparatus ap- 
plication for a given altitude are to be 
avoided. 

Figure 6 shows the effect of altitude on 
the flashover of 34.5- and 115-kv bush- 
ings. The relative flashovers of the next 
higher voltage steps in 3,300-foot ranges 
also are indicated. For the 115-kv case, 
the maximum spread from the basic level 
using the next higher class of standard 
bushings is seven per cent. This is 
likely to be further decreased in practice 
on account of the lower humidities en- 
countered at higher altitudes. In gen- 
eral, the relative flashover levels lead 
to a fortunate situation. This is not the 
case for the 34.5-kv class. The spread 
between the 46- and 69-ky classes is too 
great for application in the simple man- 
ner found above. For this reason, it has 
been the practice to use “‘high-altitude” 
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bushings of appropriate flashover in this 
range. 
VII. Testing Margins 

Since apparatus is now tested on a with- 
stand voltage basis, all equipment has a 
small margin over the basic levels to avoid 
troubles in acceptance tests. These mar- 
gins, of course, raise the actual flashover 
range in terms of voltage. However, al- 
though the mean flashover is thereby 
raised, the width of the band due to 
atmospheric variations remains the same. 
The net result is that the internal in- 


135-4 


sulation may be worked a little harder 
in actual service. 
VIII. Upper Air Investigations 

A subject of increasing interest is the 
weather conditions at high altitudes 
above the ground. Figure 7 gives some 
early data’ on this point. Temperature 
pressure and humidity decrease with alti- 
tude, of course. However, the very rapid 
decrease in absolute humidity and the 
low moisture content at an altitude of 
20,000 feet even with a high value at sea 
level are very striking. 
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igure 6. The relation of adjacent voltage 

asses of apparatus permits applying the next 

igher classes for different altitude ranges in the 

igher voltage cases and not in the lower 
operating voltage classes 


<. Apparatus Standards 


As already stated, apparatus standards 
‘rmit apparatus of standard voltage rat- 
g for elevations up to 3,300 feet. AIEE 
andard No. 19 for oil circuit breakers 
ates, ‘“‘for application at altitudes 
eater than 3,300 feet, it is recommended 
at the standard voltage rating of the 


Table I. Unusual Air Conditions for Certain Cities of the U.S.A. 


Figure 7. Upper air 30 
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apparatus, should be multiplied by the 
following factors to obtain the modified 
voltage rating.”’ 


— = 
——s 


Altitude in Feet Correction Factor 
Me LU OB Aen ey on rae ee 1.00 
ST OR, Ope. thas ee 0.98 
DN Fe ay esis aie ioias Ath avec’ 0.95 
ON aay, Seth eee he 0.80 


These recommended corrections are 
shown in figure 2 and their actual relation 
to the decreasing barometric pressure can 
be seen. There are a few exceptions to 
the 3,300-foot standard range, based on 
thermal rather than flashover limitations. 
Railway motors, AIEE Standard No. 11, 
may be used through a range up to 4,000 
feet. NEMA Industrial Control Stand- 


ATLANTIC OCEAN, 
U.S. WEATHER BUREAU 


2000 5000 10,000 20000 50,000 
ALTITUDE — FEET 


ard gives a range of 6,000 feet and a de- 
rating factor for the 6,000—15,000-foot 
range. These are practical figures based 
on much experience which help to simplify 
application problems. However, the 
adoption of a multitude of ranges as a re- 
sult of selecting the optimum for each 
type of apparatus is not to be recom- 
mended. 


X. Conclusions 


1. Temperature changes of the ambient air 
in the U.S.A. change the flashover voltage 
of apparatus through a range of 39 per cent. 


2. Anelevation of 10,000 feet reduces flash- 
over voltages 30 per cent from those at sea 
level. 


3. Variations in absolute humidity result 
in changes in flashover voltage of nearly 20 
per cent. 


4. In any one location the combined ef- 
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mperatures from ‘‘Air Conditioning Engineer’s Atlas,’”” The Industrial Press, New York. 


apor pressures correspond to temperatures shown for 30-inch barometric pressure. 
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Table Il. 


(From the United States Geological Survey) 


Highest and Lowest Altitudes in the United States 
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Oregonkmer none terre hia ie ene 22 She ea eee ates areas Meera Sea level 
Pennsylvanian: aes cto ates B/LSGance dated ane eae Sea level 
Rhode islands eo wee ee oes SOB Ferrata ee Sea level 
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WieStaV in pinta tae, enn mes oes oat ee 4 SOOR ewe re etme 240 
Wisconsin Wer Mee ae see ors ke eee 12940 rer Mere See 582 
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fects of these variables is not likely to ex- 
ceed a 25 per cent range. 


5. Standard apparatus applied at different 
locations in the range of elevations up to 
3,300 feet will vary in flashover over a pos- 
sible range of 35 per cent. 


6. For many applications standard appara- 
tus of the next higher voltage class fits the 
mean flashover range of the location, 


7. For other cases it is necessary to use 
special apparatus or to gap equipment of 
excessively high rating to meet the average 
flashover requirements for the conditions 
encountered at a given location. 


8. The desire to maintain flashover values 
and to avoid overstressing internal insula- 
tion prescribes permitting wide departures 
from basic insulation levels due to conditions 
of application. 


9. This survey would seem to show greater 
variations in flashover voltages due to 
changing weather conditions in service than 
is generally realized. Although the situa- 
tion is not to be regarded as alarming, it is 


well to keep it in mind. A full appreciation 
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of the facts in a particular case should lead 
to a more effective application of apparatus 
to meet the conditions. On the other hand, 
certain applications which may have proved 


unsatistactory might be explained by nee 
simple natural phenomena. In addition 
standardizing groups often find it a 
to consider information of this nature 1 

formulating and revising standards. | 
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Appendix 


Altitude Corrections 


The effect of altitude on apparatus rating 
is given in at least four different forms ir 
the AIEE and ASA standards. Altitude af. 
fects voltage rating (flashover through air) 
cooling (air density) and losses (windage) 
More uniformity of terminology and methoc 
of specification appears possible and de 
sirable. 

In Standard No. 19 correction factors for 
voltage rating are given in the form of 
table as given in section IX of this paper 
The table values correspond exactly to one 
per cent reduction for each 330 feet above 
3,300-feet altitude. In the same standarc 
the correction for temperature rise is giver 
as 0.4 per cent reduction for each 330 feet 
above 3,300 feet at which the actual instal 
lation is to take place. 

In ASA Standard C-50 for rotating elec 
trical machinery, the probable decrease ir 


plsvle lll. Effect of Extreme Air Conditions on Flashover Corrections 
Bismarck, 
Boston, N. Great Falls, Denver, Cheyenne, 

Location Mass. Dak. Mont. Colo. Wyo. 
Elevation—tleet .Sea level....... 7,600 2 rane Bye ccc aes § 208 | cated 6,088 
Barometer— Amelices : OR Pe eke DA iy eee. ere PAA ge See ie 24.6" Ses 24.0 
Highest temperature recorded! « SOA 0) coc) Apert teasiceeee erica VOT ts ae ae oe LOG Wii cxorr 100 
Corresponding relative air density.....0.952 ........ Os8864 pears. Ou S43 orate OW 82 anne 0.769 
Highestedry bitlb™..... seni. ue eer On oa Mga 1G Ip Ps Pee sb ire ee, 98 
Corresponding wet bulb......... ot a eee Te de care OE & «ee tee 61 
Corresponding absolute humidity... ... OOS eke eee O273 wane D2 See O)..2 eee sae eee Onze 
Humidity correction..:.............+. 0993) Cee meee LOST eke STO) ee LSLOD at oe 1 LOR 
Mashover reduced tow ais se eee O'-958; (santo tee On SLO eine ORGS) renner. O7 10) ees ee 0.698 
Altitude rating standards number 19....100 ........ LOO we rec one 100 ee eee 04 Ua os eee 91.6 
Lowest temp. recorded. .5............ Sy coer aI aD a= AT) apni ee te === OS ere — 38 
Corresponding relative air density. .... L2G cn eer ea eee Ue AC2 Sey nee 1.025) eat 1.021 
Fiimidit yacortection ee enenne ein DEES 2 ee aa 5 Lo Race IP Fas ade, Bes eT 2 eee et 
Plashoveriredticed tol. seen nee b SOB 0 sae. ee 1089) eee DOSS) cence OOL6) Seok 0.912 
Riange 1 pericent tcc, sree readtae LWP DET Rete tp te ah PHASE Sin te Ses Phir RAR aes 20D ae cee 21.4 


*At noon during July and August in a six-year period. 
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nopsis: On the basis of classification of 
ipulse wave shape, the paper shows that 
ipulse spark-over characteristics of elec- 
odes with nonuniform fields cannot be 
presented by single volt-time curves but 
ust be represented by volt-time areas of 
nsiderable extent. This classification ex- 
ains the large difference obtained by 
arious laboratories when investigating 
varkover between one and five micro- 
conds. The effect of impulse generator 
ischarge circuits in producing these dif- 
rences is explained. The necessity of in- 
lation co-ordination on the basis of volt- 
me areas is pointed out. 


atroduction 


™VER since it was definitely estab- 
w lished that lightning strokes con- 
‘ibute the greatest amount of insulator 
ashovers on transmission lines as well as 
amage to important equipment such as 
‘ansformers and circuit breakers, the 
roblem of insulation co-ordination on 
1e basis of impulse sparkover has be- 
ome of great concern to the operating 
agineer, not only as a means of eliminat- 
ig damage, but also of preventing flash- 
vers causing system outages. Many 
apers! have been written on the large 
roblem of co-ordination. 

Co-ordination has been defined in 
arious ways. One of the more recent 
efinitions? is as follows: 


[nsulation co-ordination may be defined as 
le process of setting standards of insulation 
rength and assigning them to all the items 
' equipment in the various insulation 
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classes in such a manner as to produce, 
from an economic and operating standpoint, 
both a maximum of protection, and, if 
failure results, a minimum damage to the 
system,” 


From this definition it is apparent that 
the impulse strength of all types of ap- 
paratus comprising a transmission sys- 
tem has to be known, within fairly ac- 
curate limits, before co-ordination can be 
applied effectively. Consequent studies 
of the impulse flashover characteristics 
of suspension insulators, apparatus in- 
sulators, bushings as well as transformer 
insulation revealed that the impulse 
flashover in air, oil, or breakdown of solid 
insulation is not a constant value, but 
varies with time. Therefore, impulse 
strength of a given electrode arrangement 
and dielectric can be represented by a 
volt-time which correlates the 
spark-over voltage with the time at which 
the insulator will spark over. 


curve 


Present Concept of Impulse 
Spark-Over Characteristics 


In figure 1 a series ef such volt-time 
curves are shown for different types of 
electrodes. The curves are plotted as 
overvoltage-time curves to show the 
relative increase of spark-over voltage 
as affected by the electrode arrangement. 
Overvoltage is the actual spark-over 
voltage expressed in per cent of the criti- 
cal* spark-over voltage of the apparatus. 


It is evident from a study of these 
curves that co-ordination on the basis of 
the critical spark-over voltage of different 
types of apparatus only cannot be effec- 
tive, but that co-ordination must be based 
on the volt-time impulse characteristics of 
the apparatus. While the various labora- 
tories in the United States of America 
conducting high-voltage research did 
agree within fairly close limits on the 
critical spark-over voltages of rod gaps 
and insulators,’ considerable ‘differences 
in results were obtained for volt-time 
spark-over curves.*°® For instance, the 
differences in measured spark-over volt- 
ages for rod gaps were found to be as 
great as 20 to 40 per cent at times to 
sparkover of two microseconds and less. 
These large differences were at first at- 
tributed to measuring methods such as 
the type of divider—resistance divider, 
shielded and unshielded, and capacitance 
divider—as well as insufficient precaution 
in the oscillograph technique. However, 
it was soon discovered that the shape of 
the applied impulse wave before spark- 
over occurs has a distinct bearing on the 
spark-over voltage of different types of 
apparatus. The effect of wave shape, 


Paper 41-75, recommended by the AIEE committee 
on instruments and measurements, and presented 
at the AIEE winter convention, Philadelphia, Pa., 
January 27-31, 1941. Manuscript submitted 
November 27, 1940; made available for preprinting 
December 26, 1940. 


J. H. HacencurtnH is an electrical engineer for 
General Electric Company, Pittsfield, Mass. 


The author wishes to acknowledge the assistance of 
A. F. Rohlfs in the preparation of the paper and of 
G. G. Poulsen and J. W. Albright in obtaining the 
test data. 


1. For all numbered references, see list at end of 
paper. 

*The critical spark-over voltage of a test specimen 
under an impulse of any given wave shape and 
polarity is the crest value of that impulse when its 
amplitude is adjusted to cause flashover on 50 per 
cent of the applications. 


nbient temperature at higher altitudes is 
ognized and applications at normal rating 
»proved if the operating conditions are 
ithin the limits given in the following table. 


Maximum 
Temperature 
of the Cooling 
Altitude Air in 
Degrees 
In Feet In Meters Centigrade 
0=—"3;300.6....5- O=BOU0 Fees 40 
3,300-— 6,600...... t 000=2:000 Aes a5 
6,600— 9,900...... 2,000-3,000........30 
9,900—-13,200...... 3,000-4,000........25 


. this case the percentage change varies 
ith the different values of temperature 
se since corrections are given in degrees 


temperature. 
In standard C-50 also, a correction of one 
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per cent per 330 feet above 3,300 feet is 
specified for temperature-rise tests at low 
altitude on apparatus destined for use at 
altitudes above 3,300 feet. 

ASA standard C-57 for transformers, regu- 
lators, and reactors gives corrections for 
temperature rise in per cent per 330 feet 
above 3,300 feet. Rates from 0.4 to 1 per 
cent are given depending on whether cooling 
is largely by radiation or conduction. 

AIEE Standard No. 4 for voltage meas- 
urement gives a correction for spark-over 
voltages in air which includes both tempera- 
ture and pressure (altitude) factors. Meas- 
ured voltage values are divided by the rela- 


tive air density to correct to standard 
conditions. 
2 0. 392B 
relative air density = 
FBT 


where 


T = temperature degrees centigrade 
B=pressure in millimeters of mercury 
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ASA standard C-50 gives a correction 
formula for windage losses for different 
temperature and pressure (altitude) con- 
ditions. The losses measured at a given 
temperature and pressure are multiplied 
(1+0,.0047) 

B , 


by the factor 690 — n which 


degrees centigrade and 
B=pressure in millimeters of mercury. 
Both this and the relative air density 
formula are unity at 25-degrees-centigrade 
and 760-millimeter pressure and one is the re- 
ciprocal of the other for practical purposes. 
The International Electrotechnical Com- 
mission proposed specification for a-c circuit 
breakers (May 1938) states that the limits 
of temperature rise shall be reduced one per 
cent for each 300 meters (990 feet) above 
sea level at which the breaker is intended to 
work in service. The correction is not ap- 
plied below 1,000 meters. In this case both 
the rate and the starting point of the correc- 
tion are different from American Standards. 


7 =temperature 


TRANSACTIONS S08 


however, could not be classified, and, 
therefore, useful engineering data could 
not be supplied. Owing to the differences 
obtained by various laboratories, the 
volt-time curves were assigned plus and 
minus corrections of arbitrary value to 
account for what was thought to be er- 
ratic spark-over characteristic of certain 
types of apparatus. 


New Concept of Impulse 
Spark-Over Characteristics 


It will be left to the physicist to trans- 
late the following data into electrons, ions, 
and terms of photo-ionization. This 
paper will attempt to present the data 
in terms which the engineer interested in 
co-ordination and, therefore, in impulse 
spark-over characteristics of different 
kinds of apparatus, can use to apply to his 
problems. 

The effect of wave shape is well illus- 
trated by figure 2 which shows a series 
of volt-time curves and spark-over points 
for a 20-inch rod gap at negative polarity. 
Each of these curves was obtained with 
a constant impulse generator discharge 
circuit. For the lower curve the impulse 
wave had a front of 0.5 microseconds, for 
the middle curve a front of 2.4 micro- 
seconds and for the upper curve, 9.6 mi- 
croseconds at the critical spark-over po- 
tential. It can be seen that the spark- 
over voltages associated with a given 
time to sparkover vary greatly with the 
shape of the wave front. For instance, 
at two microseconds the spark-over volt- 
ages for the two extreme wave fronts used 
are 495 ky and 625 kv respectively with 
a difference of 25 per cent. If, at the 
same time to sparkover, widely differing 
voltage values are obtained, gap spark- 
over has to be classified as either very 
erratic or the difference must be due to 


|- BUSHING 
2-ROD GAP 
3- SUSPENSION INSULATOR 
4- BARRIER-SOLID AND OIL 
5- SPHERE GAP 


OVERVOLTAGE - PER CENT OF CRITICAL SPARKOVER 


2 3 
TIME TO SPARKOVER — ps 


Figure 1. Comparison of overvoltage char- 
acteristics of different types of gaps 


Negative polarity 
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Figure 2. Effect of 
wave front on spark- 
over volt-time curves 
for a 20-inch rod gap 


Negative polarity. 
Vapor pressure 
0.26 inch mercury; 
air density 0.983 


Impulse circuit ad- 
justed for: 1—9.6- 
microsecond wave 
front, 2—9%.4-micro- 
second wave front, 
3—0.5-microsecond 
wave front 


SPARKOVER VOLTAGE - KV 


some physical characteristics of the spark- 
over phenomenon. If spark-over voltages 
at two microseconds of 495 kv and 625 kv 
of a 20-inch rod gap had been obtained 
in isolated tests and not in the course of 
obtaining volt-time curves, the spark- 
over characteristic of the gap would in- 
deed appear erratic. 

However, since the results shown in 
figure 2 were obtained with impulse waves 
of different shapes, it is logical to at- 
tribute the difference to wave shape. 
Since the front of the wave definitely ap- 
pears to have considerable influence on 
the variations in spark-over voltage, but, 
on the other hand, the front of the wave 
does not stay constant when sparkover 
occurs between two and ten microseconds, 
it was decided that the effective front 
might be used to derive a practical answer 
for classification of impulse wave shape. 
The effective front is specified by the 
slope of the line through the 0.3E£ and 
0.9E points on the front, where E is the 
crest of the measured wave. The effec- 
tive front in microseconds 7) is the time 
between the 0.3E and’ 0.9E points multi- 
plied by 1.66. For the tests with the 
slow front, this definition of effective 
front did not permit sufficient differen- 
tiation. Since slow fronts in all cases 
were of the exponential form, the initial 
rate of rise was used as the effective front. 
The time to sparkover 7, in microseconds 
is the time from virtual zero time to a 
point on the wave where voltage is rap- 
idly decreasing toward zero. Virtual 
zero time is defined as the intersection of 
the line through the 0.3E and 0.9E points 
with the zero line. 

The same test points as shown in 
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figure 2 were then replotted as function of 
kilovolt spark-over and the ratio of 7,/T2= 
(effective front)/(time to sparkover) 
with time to sparkover T; as parameter. 
Such a plot shows a scattering of points, 
indicating the trend of lower spark-over 
voltage for small ratios of 7i/T, and 
higher spark-over voltages for large 
ratios of 7;/T2 for equal times to spark- 
over. In figure 3 the test points were 
plotted to show the range over which 
data have been obtained, but the time to 


600 


SPARKOVER VOLTAGE — KV 
on 
[e) 


Figure 3. Effect of wave shape on spark-ove 
voltage of 20-inch rod gap 


Negative polarity. Vapor pressure 0.26 inct 
mercury; air density 0.983 


T,= effective wave front; T2=time to spark 
over 


Test points indicate range investigated 
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gure 4. Spark-over volt-time area of 20-inch 
rod gap 
sundaries are 71/Tx=O and 7,/To=1. 
egative polarity. Vapor pressure 0.26 
inch mercury; air density 0.983 


=effective wave front; T:=time to spark- 
over 


arkover associated with each test point 
as omitted for reasons of reproduction. 
he network of straight lines, indicating 
ark-over voltage trends for a given time 
. sparkover, has been placed such that 
most nearly represents the correct in- 
rpretation of the test results. 

The lower limit 7,/7,=0 and the upper 
nit 7;/7,=1 have not been reached 
iring these tests. The lower limit, of 
uirse, represents a wave with abrupt 
sing front and practically rectangular 
il, while the upper limit represents a 
ont rising in a straight line from the 
ro point to the spark-over point. Both 
these limits are difficult to obtain in 
actical impulse testing. However, the 
ror in extending the straight lines to 
th of these limits beyond the available 
st points should not result in apprect- 
le errors. 

To reduce the results to the customary 
rm of the volt-time curves, the straight 
es of figure 3 have been used to draw 
e curves of figure 4, where spark-over 
Itage in kilovolts is plotted as function 
time to sparkover with the ratio 7;/T> 
parameter. 

This figure shows clearly that spark- 
er of a rod gap for instance cannot be 
presented by a single ‘‘volt-time curve” 
t rather by a “‘volt-time area.” This 
It-time area, in contrast to previous 
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attempts of using correcting factors in 
connection with volt-time curves, is well 
defined by recognition of the influence of 
impulse wave shape on spark-over volt- 
age. It will be shown that the use of the 
wave shape definition adopted gives re- 
sults within a few per cent of expected 
spark-over voltages. Therefore, the use 
of volt-time areas will eliminate to a large 
extent the uncertainty heretofore asso- 
ciated with short-time sparkover of in- 
sulators, bushings, rod gaps, and other 
apparatus. It is important to note that 
this spark-over area, of course, is subject 
to the variations in spark-over voltage 
due to humidity and air density. The 
correct method of correcting for humidity 
throughout this spark-over area is not 
known. If the method at present used 
for volt-time curves is adopted’ it means 
that at short times to sparkover the 
spark-over values will remain practically 
the same while at the longer times the 
spark-over voltages will be raised, so that 
the individual volt-time curves for differ- 
ent 7;/7T,=constant will have a reduced 
slope at the longer times to sparkover, 
and the total spark-over area will be re- 
duced when based on standard conditions 
of humidity. The air density correction 
probably will be the same regardless of 
wave shape. 

It has been shown that the impulse 
spark-over voltage (e) of an electrode ar- 
rangement producing a nonuniform field, 
such as the rod gap, is a function not 
only of the time at which sparkover oc- 
curs, but also of wave shape represented 
by the ratio of 7)/T>. Therefore e= 
f(T», T;/T2). The physical condition for 
this dependence of spark-over voltage on 
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Figure 5. Spark-over volt-time curves of 50- 
centimeter spheres spaced 15.5 centimeters 


Negative polarity. Air density 1 
Impulse circuit adjusted for: 1—9.6-micro- 


second wave front, 2—9.4-microsecond wave 
front, 3—O.5-microsecond wave front 


wave shape is primarily the fact that 
corona currents of considerable amplitude 
have to flow through the dielectric to ob- 
tain sufficient ionization before sparkover 
can be completed. The amplitude of 
these corona currents in turn depends on 
the voltage applied to the gap and the 
length of time voltage has been applied 
to the electrodes. Obviously wave shape 
cannot accurately be described by a ratio 
of T;/T2, especially for waves with un- 
usual shapes, but in the range below six 
microseconds the results obtained indi- 
cate a sufficient consistency to justify the 
use of this approximation until more ex- 
act methods are available. 


Volt-Time Areas of 
Different Types of Electrodes 


THE QuASI-UNIFORM FIELD 


From the foregoing discussion it should 
be expected that spark-over voltage of 
electrode arrangements producing a uni- 
form field should be represented by 
straight lines parallel to the zero axis 
(each spacing between electrodes repre- 
sented by one line) and without the tend- 
ency of spark-over areas because heavy 
corona currents are not required to initi- 
ate sparkover. The closest approxima- 
tion to the uniform field available for test- 
ing at higher voltages is the sphere gap at 
spacings small with respect to the diame- 
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ter of the sphere. The same types of 
waves used for the rod gap were applied 
to a 50-centimeter sphere gap spaced 15.5 
centimeters. This spacing was chosen 
because it required a spark-over voltage 
approximately equal to the critical spark- 
over of the 20-inch rod gap. 

The results of these tests are shown in 
figure 5. This figure shows in a greatly 
enlarged scale the test points and the 
probable volt-time curves for the three 
test conditions as outlined for the 20-inch 
rod gap. Only two test points were ob- 
tained for the short front-long tail wave. 
The differences between the two slow 
front waves are insignificant. At one 
microsecond the difference between mint- 
mum and maximum measured voltages is 
only nine per cent. Since the probable 
measuring error is of the order of three 
per cent, it can be said that the volt-time 
area of a sphere gap, representing a 
nearly uniform field is extremely small as 
compared to that of a rod gap at times 
to sparkover of one microsecond and 
greater, The data do not permit draw- 
ing of 7,/T.=constant curves as shown 
for the 20-inch rod gap in figure 4. 


Tue NONUNIFORM FIELD 


In addition to the 20-inch rod gap at 
negative polarity, volt-time areas have 
been obtained for the 50-inch rod gap at 
negative polarity, figure 6, and the 20- 
inch rod gap at positive polarity, figure 7. 
In the latter two figures the test points 
have been superimposed on the plot of 
the 7,/T:=constant curves as follows: 
The spark-over potentials in kilovolts as 
function of time to sparkover are repre- 
sented by the solid points. From these 
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Figure 6. Spark- 
over volt-time area 
of 50-inch rod gap 


Boundaries are 
T,/T2=Oand I1/T2= 
1. Negative polar- 
ity. Standard con- 
ditions of humidity 

and air density 


Ti=efective wave 
front; Te=time to 

spark-over 
Points indicate meas- 
uredvalues. Arrows 
pointto correct loca- 
tion of test point 


based on 11/T» 


T,=1.3-microsecond 
curve from tests with 
1.5x40 wave 


“ps 


test points an arrow is drawn to the ex- 
pected location of the point according to 
the ratio 7;/T» of the wave. It is appar- 
ent that the test points check the ex- 
pected values very closely. In figure 6 
is also shown a conventional volt-time 
curve for the 50-inch rod gap taken with 
a 1.5x40 wave. It is. evident that such a 
curve cannot represent the spark-over 
characteristics of the rod gap. Data of 
figure 6 and figure 7 have been corrected to 
standard conditions of humidity and air 
density according to accepted methods.’ 
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Figure 7. Spark- 
over volt-time area 


of 20-inch rod gap Seles 2 ad 


Boundaries are 
T1/T2=0 and 7, /T2= 
1. Positive polarity. 
Standard conditions 


550 
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i 
Further tests have been made on a 
string of three suspension insulators 
(figure 8), a stack of two apparatus insu- 
lators (figure 9), and a bushing (figure 
10). Only the 7,/7T,=constant curves 
for these different insulating elements 
have been plotted to indicate the slope 
of the curves and the extent of the volt- 
time areas for comparison with the other 
electrode arrangements investigated. 
A comparison of the volt-time charac- 
teristics of the electrode arrangements of 
approximately equal critical spark-over 
voltages shows that the slope of the7/ T2= 
constant curves is steepest for the bush- 
ing, rod gap, line and apparatus insulators 
in the order named, while the extent of the 
spark-over areas is greatest for the rod 
gap, line insulators, bushing and pedestal 
insulators in the order named. This se- 
quence corresponds well to the trend in- 
dicated by the single volt-time curves of 
figure 1. The electrode arrangement with 
the least overvoltage—the sphere gap— 
has the smallest volt-time area, while the 
higher overvoltages at a given time to 
sparkover of the single volt-time curve 
are indicative of larger volt-time areas. 
The effect of wave shape on breakdown 
characteristics of barriers (representing 
major insulation of oil-filled transform- 
ers)—represented by overvoltage-time 
curve 4, figure 1—has not been investi- 
gated. Judging from this volt-time char- 
acteristic, the volt-time breakdown area 
of such a barrier should be intermediate 
between the spark-over areas of the sphere 
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xp and the line insulators, depending 
eatly on the type of electrodes and the 
eld between them. Further tests are 


k 


eeded to obtain data comparable to those 


‘tod gap spacing with the time to spark- 
re as parameter; similarly, insulator 
yarkover is represented as function of 
mber of insulators or string arc-over 
istance. Such curves were based on 
ngle volt-time curves taken at various 
pacings using a standard 1.5x40 wave. 
(i the basis of spark-over volt-time areas, 
uch curves should be drawn for each 
\/T2=constant curve, or, since the 
miting conditions are of greatest impor- 
ance, for the two conditions 7,/7):=0 
nd T;/ I2=1. 

‘The results of the tests presented here 
ermit the plot of such curves for the rod 
‘ap between 20-inch and 50-inch spacing 
t negative polarity (figure 11). To con- 
erve space, curves for the two extremes 
lave been plotted on the same figure and, 
© avoid overlapping of the extreme 
anges, the curves shown range only be- 
ween two microseconds and four micro- 
econds to sparkover. In addition, typi- 
al curves as obtained with the 1.5x40 
vave are included. 


iffect of Impulse Generator 
Circuits on Spark-Over Voltage 


It is interesting to note that the solid 
wo-microsecond curve as obtained from 
ests with a 1.5x40 wave (figure 11) is a 
urve rather than a straight line. This 
neans, of course, that the wave shape at 
wo microseconds to sparkover of the 20- 
ach rod gap was different from the wave 
hape during tests on the 50-inch rod gap, 
Ithough the wave shape at the longer 
imes to sparkover was practically the 
ame in both tests as indicated by the 
traight lines for three microseconds and 
ur microseconds. 

This difference in wave shape at the 
hort times to sparkover is due to the ef- 
ct of the corona currents required for 
mization of the gap to complete spark- 
ver and the resulting voltage drop in 
1e series impedance—inductance and re- 
stance—of the impulse generator dis- 
iarge circuit. The resulting change of 
1e wave shapes is shown in figure 12. 
n this figure the wave shape at two mi- 
seconds to sparkover is compared with 
1e wave shape at critical sparkover for 
vo types of impulse generator discharge 
rcuits. In figure 12a the wave shape is 
ntrolled by a series resistance and a 
nall load capacitance which principally 
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consists of the inherent capacitance of the 
impulse generator plus a small additional 
load capacitance, a total of approxi- 
mately 300 micromicrofarads. In order 
to obtain a 1.5-microsecond front with 
such a small capacitance, it is necessary 
to use a series resistance of 1,700 ohms. 
The corona currents through the gap 
have an amplitude of the order of hun- 
dreds of amperes and, therefore, the volt- 
age drop through the resistor is several 
hundred thousands of volts. This volt- 
age drop subtracts from the wave as it 
would have appeared, if the corona cur- 
rents had not flown through the gap. 
The effective wave front is, therefore, 
changed from a 1.2-microsecond front at 
critical sparkover to 0.6 microsecond at 2 
microseconds to sparkover. Therefore, 
the ratio of T,/7, for this wave at two 
microseconds is 0.6/2=0.3 which results 
in a spark-over voltage of 534 kv from 
figure + when corrected for air conditions. 
This checks the value of 535 ky obtained 
from figure 11. 

In the other circuit, figure 12b, the load 
capacitance is concentrated close to the 
rod gap and has a value of 800 micro- 
microfarads. The series resistance is 800 
ohms giving a front of 1.8 microseconds 
and an effective front of 1.3 microseconds. 
For equal amounts of corona currents, as 
for the circuit 12a, the voltage drop 
across the resistor due to the corona is 
considerably reduced because it can be 
supplied by the capacitor direct without 
any appreciable voltage drop. Conse- 
quently, the effective front is not changed 
and at two microseconds to sparkover 
them ration dn/le—1.0/2—0.60, From 
figure 4 a spark-over voltage of 587 kv 
results, which, when corrected to stand- 
ard conditions of humidity and air den- 
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sity, gives 610 kv as compared to 534 kv 
obtained with impulse generator circuit 
of figure 12a. This spark-over voltage 
of 610’ kv was actually obtained during 
tests on the 20-inch rod gap with circuit 
of figure 12b in the process of obtaining a 
volt-time curve before and independent 
of this present investigation. Data of 
figure 4 have been obtained recently. It 
is, therefore, significant to the value of 
this proposed classification of impulse 
wave shapes in terms of 7;/7»> that test 
data on the same type of gap taken sev- 
eral years ago should check so well when 
analyzed on the basis of that ratio. 

The solid curves shown in figure 11 
were obtained with an impulse generator 
connected as in figure 12a for the 20-inch 
and 30-inch gap, while the tests for the 
50-inch gap were made with circuit of 
figure 12b. If the value of 610 ky for 
the 20-inch rod gap is plotted on figure 11, 
a straight line for the two-microsecond 
test curve results. 

These examples show that 
1. Differences in spark-over voltages ob- 
tained on electrode arrangements with non- 


uniform field are directly due to differences 
in impulse generator discharge circuits. 


2. Spark-over voltages, when classified ac- 
cording to wave shape as expressed by the 
ratio of effective front to time to sparkover, 
are consistent on the basis of spark-over 
volt-time areas, although they appear er- 
ratic on the basis of volt-time curves. 


3. The effective wave front produced by 
some types of impulse generator discharge 
circuits during investigations of impulse 
volt-time curves of apparatus with non- 
uniform field varies considerably throughout 
the range of times to sparkover from critical 
to one to two microseconds. Such genera- 
tors produce volt-time curves where neither 
T,=constant nor 7)/7,;=constant. The 
change in effective front depends on the 
type of apparatus tested, whether large or 
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Figure 9. Spark-over volt-time area of a two- 
unit stack of apparatus insulators 


Boundaries are 11/T:=0 anc many ele 
Negative polarity. Vapor pressure 0.26 
inch mercury; air density 0.983 


T,= effective wave front; T2=time tospark-over 


small corona currents are required to com- 
plete sparkover. 


4+. The effective wave front produced by 
the other type of generator is constant 
throughout the same range of time to spark- 
over. Therefore, the volt-time curve pro- 
duced has a constant 7;. Wave shape at 
any given time to sparkover is practically 
independent of the type of apparatus tested. 
It is, therefore, clear that for purposes of 
comparison of volt-time curves of apparatus 
with great differences in electric field distri- 
bution, tests made with an impulse genera- 
tor discharge circuit of the type shown in 
figure 126 are directly comparable. Similar 
tests made with a generator of the type 
shown in figure 12a, however, are not di- 
rectly comparable and have to be interpreted 
with considerable care. Until volt-time 
areas of all types of insulation structures are 
available, the effective fronts obtained dur- 
ing tests on volt-time curves should be 
recorded throughout the range investigated, 
since they have such a profound effect on 
the values of spark-over voltages obtained. 


Effect of Volt-Time 
Areas on Co-ordination 


The data are obtained on too few types 
of apparatus to enable complete under- 
standing of all the requirements for ef- 
fective co-ordination. However, suffi- 
cient data are presented to make general 
recommendations. For this purpose the 
term co-ordination is used in a restricted 
sense, such that ‘‘co-ordination between 
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two apparatus is obtained if the impulse 
strength of one of them is below the 
other, so that sparkover always occurs 
on the apparatus with lower strength.” 
On the basis of volt-time curves this 
means that the volt-time curve of ap- 
paratus A is lower than that of apparatus 
B throughout the expected spark-over 
time range. 

As shown by the examples of the sphere 
gap and the insulators, quasi-uniform 
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Figure 11. Impulse spark-over characteristics 


of rod gaps 


Negative polarity. Standard conditions of 
humidity and air density 


Solid lines—tests with 1.5x40 wave 
Dashed lines—T1/T2=1 curves 
Dot-dash lines—T\/T2=O curves 


T: = effective wave front; T2=timetospark-over 
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Figure 10. Spark-over volt-time area of a 


bushing 
Boundaries are I1/l2=O and 11/I2=1. . 
Negative polarity. Vapor pressure 0.26 


inch mercury; air density 0.983 


T. = effective wave front; Ts =time to spark-over 


fields between electrodes are associated 
with small impulse spark-over areas, 
while the nonuniform field is associated 
with large impulse spark-over areas. 
The problems of co-ordinating voltage 
levels for the large variety of electrode 
fields encountered in electrical apparatus, 
therefore, consists in co-ordinating ac- 
cording to spark-over areas rather than 
according to single volt-time curves. 
This, of course, complicates the co-ordi- 
nating problem to a certain extent. 

However, the problem can be reduced 
to three fundamental conditions (figure 
Ise 


(a). Apparatus with the lower impulse 
strength (A) has a narrow band spark-over 
area; apparatus with the higher impulse 
strength (B) has a wide band spark-over 
area (for instance, a sphere gap (A) and 
insulator string (B)). 


In this case co-ordination can be made ef- 
fective if the 7;/72=0 spark-over curve of 
(A) is below the 7,/T,=0 spark-over curve 
of (B) because regardless of wave shape, 
the impulse strength of (A) will be exceeded 
before that of (B) is reached. 


(b). Apparatus with the lower impulse 
strength (A) has a wide band spark-over 
area; apparatus with the higher impulse 
strength (B) has a narrow band spark-over 
area. In this case, co-ordination can be 
made effective if the 7,;/T,=1 spark-over 
curve of (A) is below the 7;/7;=1 spark- 
over curve of (B). 
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(c). Regardless of the band of the spark- 
over areas of both apparatus co-ordination 
s effected if the 7;/T2:=1 spark-over curve 
(A) is below 71/T2=0 spark-over curve 
(B), 

' \ 
Condition (c), of course, is the most 
atisfactory method of assuring that ap- 
aratus with the lower impulse strength 
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will reduce the impulse voltage before the 
impulse strength of (B) is reached. How- 
ever, under conditions where the margin 
between apparatus (A) and (B) can be 
kept to a minimum, matching of the 
spark-over areas as indicated in figure 13, 
(a) and (6) should give considerable im- 
provement as compared to a consideration 
of single volt-time curves only. It is ob- 
vious that apparatus with nonuniform 
field and consequent wide band spark- 
over areas are not suited to limit impulse 


Figure 13. Co-ordination on basis of 
spark-over volt-time areas 


A—Apparatus with lower spark-over 
strength 
B—Appaeratus with higher spark-over 
strength 


a—A has narrow band spark-over area, 
B has wide band spark-over area 

b—A has wide band spark-over area, B 
has narrow band spark-over area 
-—Band width of spark-over area irrele- 
vant 
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spark-over voltages in stations where 
costly equipment may be damaged if the 
limiting level of the apparatus is set too 
high. If, on the other hand, the limiting 
level is set sufficiently low, following con- 
dition of figure 13c, the spark-over char- 
acteristics will be such that switching 
surges and other low and medium system 
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Figure 12. Effect of 
impulse generator 
discharge circuits on 
effective wave 

front—T, 
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disturbances will result in a large number 
of system outages. 


Wave Shape Variations 
on Transmission Lines 


The question naturally arises whether 
apparatus in service will be subjected to 
waves of such a great variety of shapes 
as to warrant the investigation of im- 
pulse sparkover of areas as has been done 
in this paper for a few types. The 


T,/T2 =! 


available data are limited, due to the 
very costly nature of investigations of 
wave shapes of natural lightning on 
transmission lines, but approximate limits 
can be given, 

Lewis and Foust!" give a summary of a 
study of natural lightning on transmission 
lines in the United States of America 
which shows that wave fronts may vary be- 
tween 1 microsecond and 80 microseconds 
wave tails between 4 and 160 microsec- 
onds. Berger’ in Switzerland recorded 
wave fronts up to 80 microseconds caus- 
ing flashover of insulation at a terminal 
station. From these limited measure- 
ments of traveling waves on actual trans- 
mission systems, the possibility of great 
variations in wave fronts and wave 
shapes is indicated. Therefore, the large 
variations in spark-over voltages, as 
shown to exist for -electrode arrange- 
ments with nonuniform field, are a dis- 
tinct possibility and should be taken into 
account in the co-ordination problem. 


Conclusions 


1. Impulse spark-over voltages of electrode 
arrangements with nonuniform field—such 
as insulators, bushings, rod gaps—cannot be 
represented with sufficient accuracy by volt- 
time curves, but must be represented by 
volt-time areas. 


2. The extent of these areas may be con- 
siderable. The spark-over voltage of a 
string of three suspension insulators for 
instance, ranges between 430 kv and 620 
kv with sparkover taking place at one micro- 
second, a difference of 45 per cent, or at six 
microseconds to sparkover the spark-over 
voltage ranges between 330 ky and 430 ky, 
a difference of 30 per cent. 


3. The great differences in voltages at any 
given time to sparkover are not due to er- 
ratic nature of sparkover, but due to dif- 
ferences in the shape of the applied impulse 
wave before sparkover occurs. 


4. The experimental data show that dif- 
ferences in wave shape can be classified by 
the ratio of the effective front of the wave 
to the time to sparkover—7\/T». 71/72=0 
represents a wave with very steep front and 
practically rectangular tail while 7\/7.=1 
represents a wave with a front rising in a 
straight line from zero time to the time of 
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sparkover. Wave shapes where the ratio 
T\/T» is small are associated with the lower 
spark-over voltages while straight line volt- 
age rise produces the highest spark-over 
voltage at any given time to sparkover. 


This means that the customary volt-time 
curves give only a very incomplete spark- 
over characteristic for any given electrode 
arrangement. The deviations from such 
curves are summarized in the following table 
(data from figure 6) for the 50-inch rod gap. 


<== 


‘Lime to Spark-Over— 
Microseconds 


ZS A 910 


Total spread of spark-over 
voltage in per cent of 
lower boundary. .....6 9. 44,38. .33..28..25 

Per cent difference from 

+ 18..19..21..21. 22 

UO veal die OC aaee, 


typical volt-time curve 
with 7i=1.3 micro- 
seconds 


The maximum and miaimum differences be- 
tween the boundaries of the spark-over areas 
and volt-time curves depend on the im- 
pulse generator connection used for ob- 
taining the curves. 


5. The dependence of spark-over voltages 
on wave shape explains the great difference 
of spark-over voltage for a given electrode 
arrangement reported from different labora- 
tories. The differences, in the range of one 
microsecond and more, are principally due 
to the difference in types of impulse genera- 
tors used for the investigations. Although 
two impulse generators may produce the 
same wave shape at critical sparkover, at 
shorter times to sparkover (four micro- 
seconds and less) the wave shapes become 
radically different. One type produces a 
wave with ashort effective front. Therefore, 
1T,/T. is small and the resulting spark-over 
voltage is low; the other produces a wave 
with a practically constant effective front. 
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Therefore, 7:/T7»2 is large and the resulting 
spark-over voltage is high. 

Thus, this classification of wave shape is a 
satisfactory means for explaining the large 
voltage differences observed by various 
laboratories at times to sparkover of one 
microsecond or more. 


6. The same phenomena which cause the 
upturn of spark-over volt-time curves are 
responsible for spark-over volt-time areas. 
Impulse sparkover in the nonuniform field 
requires corona currents of considerable 
amplitude to complete sparkover. The 
amplitude and the length of time of current 
flow determine the time to sparkover and 
the crest voltage of the wave causing spark- 
over. Therefore, for equal times to spark- 
over, a wave shape for which corona start- 
ing voltage is attained in a short time will 
require a lower spark-over voltage than a 
wave shape where corona starting voltage is 
attained later. Likewise, for equal spark- 
over voltages, early start of corona current 
will produce a shorter time to sparkover 
than a late start of corona currents. 


7. Therefore, in the quasi-uniform field, 
such as the sphere gap, where corona cur- 
rents are of small amplitude or negligible at 
times to sparkover of one microsecond or 
more, the effect of wave shape on the spark- 
over characteristic is very small, the upturn 
of the volt-time curves is negligible, and 
the extent of the spark-over area is negligi- 
ble. At times shorter than one microsecond 
the effect of corona current becomes con- 
siderable and the sphere gap should exhibit 
increasing extent of spark-over area and 
upturn of voltage. 


8. Methods of co-ordinating system insula- 
tion on the basis of impulse spark-over areas 
rather than volt-time curves are pointed out. 


9. The data presented here are only an- 
other step to a more complete understanding 
of spark-over phenomena. 
tion of impulse wave shape by means of a 
simple ratio of effective front to time to 
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sparkover, while not based on a precise 
scientific interpretation of the phenomenon, ~ 
nevertheless gives excellent practical results. 
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Effect of Sapphire-Crystal Orientation 


on the Wear of Watt-Hour- 
Meter Bearings 


J. H. GOSS 


ASSOCIATE AIEE 


Synopsis: This paper describes the most 
recent of a series of studies on the life of 
watt-hour meter bearing materials. It 
covers an investigation of the effect of jewel 
crystalline axis orientation upon jewel 
wear. 

Lifetime stability of meter calibration is 
a function of bearing wear. A study of the 
wear (after several years’ service) of the 
sapphire jewel cups of meters in relation to 
crystalline orientation confirms predictions 
of another investigator; and a corrobora- 
tive theory, based upon the physics of 
crystals, is presented. 


Introduction 


HE importance of the induction type 
watt-hour meter in the complex 
structure of the modern distribution sys- 
tem is fully realized. Accurate metering 
is necessary because the electrical char- 
acteristics and the initial and sustained 
accuracy of the watt-hour meter are di- 
rectly reflected in terms of revenue pro- 
duced. Much work has been done over 
a long period of years to improve the 
electrical characteristics and to perfect 
the mechanical parts. The lower bearing 
which carries the load of the moving sys- 
tem has long been given close study be- 
cause it plays a real part in sustained 
meter accuracy. 
It is the purpose of this article to de- 
scribe briefly the results of work that has 
shown a marked correlation between the 
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wear of the sapphire jewel cups used in 
the lower bearings and the direction with 
which the cups are cut with respect to 
the sapphire crystal structure. The wear 
of the jewel cups affects the useful life of 
the lower bearing and the sustained ac- 
curacy of the watt-hour meter. 

For many years, it has been generally 
known that certain crystalline substances 
exhibit different hardnesses on various 
crystal faces. In 1931, V. Stott! working 
in the National Physical Laboratory ex- 
perimented with the wear of sapphire 
watt-hour meter jewel cups cut at various 
known angles with respect to the major 
axis of the sapphire crystal. 

In 1936 V. Stott released a further ac- 
count of work done in the National Physi- 
cal Laboratory in a special report.? This 
report gave the results on 156-watt-hour 
meter jewel cups cut in definite crystal 
directions. The report indicated quite 
conclusively that there was a definite rela- 
tion between wear and crystal direction. 
The apparatus used in making these tests 
was described in the first paper! and 
while it was designed especially for the 


Figure 1. Models of 
sapphire crystal 
showing orientation 
angles of watt-hour- 
meter jewel cups A 
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work, represented a laboratory test which 
gave different operating conditions than 
a bearing experiences in a watt-hour 
meter, 

It is desirable at this point, in order to 
understand properly the meaning of the 
term, “‘orientation’”’ which is used to des- 
ignate the direction with which the sap- 
phire cup is cut with respect to the crys- 
tal axes, to consider briefly the subject of 
crystals and crystal structure. 


Crystal Structure 


Sapphire is crystalline alumina, Al,O3 
and is a form of the mineral corundum. 
It is crystalline in structure and belongs 
to the hexagonal crystal system. Sap- 
phire is found in nature usually in rough 
rounded pebble-like masses, though fre- 
quently outer crystalline forms are evi- 
dent. The material is also made syntheti- 
cally by the Verneuil* process. 

Figure 1B shows a wooden model of a 
sapphire crystal of hexagonal prism shape. 
This shape is frequently found in nature. 
The axis of the long direction of the 
crystal is defined for the purpose of iden- 
tification as the C axis and is the refer- 
ence axis of the crystal that will be used 
for this discussion. This axis will be 
called the vertical axis and is parallel to 
the optic axis of the crystal. Figure 14 
shows a cross section of a watt-hour me- 
ter jewel cup cut with the axis of the cup 
at right angles to the C axis. This cup is 
said to be oriented to an angle of 90 de- 
grees (9=90 degrees). Figure 1C shows 
another cross section of a cup where the 
C axis of the crystal and the axis of the 
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Figure 2. Jewel wear versus orientation 


Composite curve of all jewels 


jewel cup coincide. The orientation an- 
gle is 0 degrees (@=0 degrees). 

If a crystal is considered as being made 
up of small particles arranged in an or- 
derly fashion, then a material that is non- 
crystalline, such as glass, may be thought 
of as being made up of particles with no 
systematic order of arrangement. A 
crystal that is allowed to form under ideal 
conditions will exhibit a definite geometric 
structure such as has been used in figure 
1 to show one crystal form of sapphire. 

If a sphere is formed from such a crys- 
tal as shown in figure 1, as might happen 
if it rolled in the bed of a stream for many 
years, it would be impossible to identify 
the substance as crystalline from its ex- 
ternal shape. This is similar to what 
happens when synthetic sapphire boules 
are formed as they are more or less cylin- 
drical in shape and exhibit few flat faces 
that make possible the identification of 
the boules as crystalline. Synthetic sap- 
phire boules may give the appearance of 
globules of glass, yet actually they are 
identical in crystal structure to a piece 
of natural sapphire formed in nature 
which exhibits a perfect crystal shape as 
shown by figure 1. In the absence of 
the geometric form either optical meth- 
ods‘ or X-ray® analyses can be used to 
orient and identify the crystal structure. 

The most common method of identify- 
ing a sapphire crystal structure is to sub- 
ject it to an analysis with polarized light 
and make use of the interference patterns 
which form definite optical figures.4 The 
basal plane of the sapphire crystal may be 
determined by means of the optical figure. 
This is the plane in which all axes are 
equivalent. The axis at right angles to 
this basal plane is the vertical axis or C 
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axis. This is the method of identification 
and orientation used in obtaining this ex- 
perimental data. 


Experimental Data 


Following the publication of the mate- 
rial by V. Stott, it was desirable to check 
these results as the published data defi- 
nitely indicated that an improvement in 
the life of watt-hour meter bearings could 
be obtained by controlling the orienta- 
tion of the jewel cup to within the angle 
9=80 degrees to 90 degrees. It was im- 
practical to set up life tests with watt- 
hour meter jewels with known orienta- 


- tions and run them for a period of five to 


ten years to get this information. There 
were available in the laboratory several 
hundred watt-hour meters which had 
been operated for periods of five to six 
years under known conditions with jewel 
cups that had been cut at random with 
respect to the crystal direction. The 
logical procedure was to discontinue some 
of these life tests, examine the bearings 
for wear, and determine the orientation of 
each individual jewel cup. A system of 
measuring the orientation angle was de- 
vised and approximately 150 bearings 
were taken from life tests and examined. 
The wear was estimated from measure- 
ments made by means of a calibrated eye- 
piece in a 40 diameter magnification 
microscope. These data are plotted as a 
composite curve in figure 2. Here the 
jewels were grouped in accordance with 
their orientation angle, and the circles 
represent the average wear value for a 
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Figure 3. Jewel wear versus orientation 


Composite curve of synthetic sapphire jewels 
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Figure 4. Jewel wear versus orientation 


Composite curves of natural sapphire jewels 


particular angular division. The mini- 
mum wear and the maximum wear for 
the angular division are shown by the 
crosses. It is interesting to note that 
there is a definite trend of increased wear 
as the jewels drop from an orientation of 
90 degrees to an orientation of 0 degrees. 
In all cases the jewels oriented within 10 
degrees (9=80 degrees to 90 degrees) 
showed minimum wear and fortunately 
33 jewels were found within this angular 
range. Figure 2 includes bearings from 
life test watt-hour meters with both natu- 
ral and synthetic sapphire jewel cups. 
A further breakdown of these data is 
shown by figure 3 which shows the results 
for the synthetic sapphire cups and figure 
4 which shows the results for natural 
sapphire cups. All of the watt-hour me- 
ters from which these bearings were re- 
moved were operating to simulate normal 
load conditions and were equipped with 
high carbon steel pivots in well-lubricated 
bearings. 


Natural Versus Synthetic Sapphire 


The experimental evidence shows the 
desirability of controlling the orientation 
angle as advocated by V. Stott.? It is 
impractical to orient natural sapphire 
jewel cups due to the fact that natural 
sapphire is frequently found in small 
pieces so that it is possible to make but 
two or three jewel cups from a single piece 
of raw material. The synthetic sapphire 
boules are quite large, and it is possible to 
make many jewel cups from one boule. 
As the optical procedure for determining 
the crystal direction of a boule is identi- 
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Figure 5. Atomic model of sodium chloride 


Scale=two angstroms to one inch 


cal with that required for determining the 
crystal direction of a small fragment of 
natural sapphire, it is obvious that it is 
much more expensive to make the deter- 
mination for natural sapphire on a com- 
mercial basis than on synthetic sapphire. 

A careful review of extensive life test 
data on watt-hour meter jewel cups of 
random orientation, operating at both 
accelerated and normal speed, had al- 
ready led to the conclusion that taken as 
a whole, natural sapphire and synthetic 
sapphire were giving equivalent perform- 
ance. 


Theory of Orientation 


It was suggested that the difference in 
wear exhibited by the jewel cups cut in 
the different crystal directions was due 
to a phenomenon known as translation 
gliding incrystals. This is demonstrated 
in certain crystals, as for example rock 
salt. If the crystal is placed under tension 
or compression under controlled condi- 
tions, one portion of the crystal moves 
with respect to the other along a plane 
and rupture does not occur. No fractures 
are discernible even with polarized light or 
X-ray diffraction after the crystal has been 
stressed, even though one portion actually 
overhangs another portion. A theoreti- 
cal explanation for this is shown most 
clearly by figure 5 and figure 6. Figure 5 
is an atomic model of salt (sodium chlo- 
ride, NaCl) actually built to a scale of 
one inch equals two angstroms (125 mil- 
lion to one). The large balls represent 
atoms of sodium. An examination of the 
photograph will show the nesting of the 
sodium balls between the chlorine balls. 
The model pictured consists of two parts. 
The bottom is a single layer, and the top 
is a triangular pyramid. The model rep- 
resents but a small part of a crystal and 
must be thought of as repeating itself in 
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Figure 6. Atomic model of sodium chloride 


Scale =two angstroms to one inch 


all directions to form a crystal of salt. 
If the pyramid portion is moved with re- 
spect to the bottom layer in any direction 
except the direction represented by the 
top and bottom of the page, it will be 
noted that the chlorine balls tend to ride 
over and onto the chlorine balls in the 
bottom layer. As the chlorine particles 
are negatively charged, we have two nega- 
tives coming together with the result that 
a repelling force is present. If they are 
forced to move in that direction, the re- 
sult will be that the negative charges will 
force the crystal apart. If, however, the 
pyramid is moved in the direction of the 
top and bottom of the page, it will be 
seen, as shown by figure 8, that a new 
position is assumed which is identical in 
the relation of the sodium and chlorine 
balls to that shown by figure 5, except 
that a portion of the bottom layer has 
been exposed. This portion of the bot- 
tom layer that has been exposed repre- 
sents, therefore, the portion that is over- 


Figure 7. Atomic model of sapphire 


Scale =two angstroms to one inch 


hanging. This is the crystallographer’s 
explanation of gliding and is substanti- 
ated by accepted scientific proof based on 
X-ray diffraction studies. This is, of 
course, a very simple example and is not 
intended to serve as an explanation for 
the orientation wear effect in sapphire. 

Sapphire material has a much more 
complex crystal structure than salt, which 
is of the cubic form, the simplest crystal- 
line form known. A model of sapphire 
was built at the Massachusetts Institute 
of Technology, under the direction of 
Professor M. J. Buerger. Figure 7 
shows the sapphire model which was made 
to the same scale as the sodium-chloride 
model. In figure 7, the reference C axis 
is represented by a vertical line joining 
the two hands. Figure 8 shows how the 
model was built to separate. The top 
half of the model is separate from the 
bottom half and may be moved with re- 
lation to it. While it cannot be seen from 
the photographs, the model demonstrates 
that gliding can occur. The gliding is in 
a plane at right angles to the C axis in 
sapphire. 

If the assumption is made that the 
phenomenon of gliding is an indication 
of loose atomic bonding on that particular 
plane, a possible explanation of the re- 
sults obtained experimentally can be 
given. That is, particles of the crystal 
may be more easily removed in this plane 
of the crystal than in other planes, be- 
cause the atoms are held more loosely in 
place than in other directions. Crystals 
may have more than one plane of gliding, 
but in sapphire, we are primarily con- 
cerned with the plane at right angles to 
the C axis as borne out by the experimen- 
tal evidence. 

Consider a watt-hour meter jewel cup 


Figure 8. Atomic model of sapphire 


View showing internal arrangement of atoms 
Scale =two angstroms to one inch 
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The Dielectric Strength of Glass — 


an Engineering Viewpoint 


E. B. SHAND 


MEMBER AIEE 


Synopsis: The purpose of this paper is to 
provide the engineer with co-ordinated in- 
formation and data regarding the dielectric 
breakdown of glass which will permit him 
to apply this insulating material more ef- 
fectively for high dielectric strength. In the 
discussion of the subject, particular atten- 
tion has been paid to ‘‘edge effects” and 
other factors which cause wide variations 
in breakdown voltages—variations which 
are responsible for many of the seeming in- 
consistencies found in published results on 
the dielectric failure of glass and other ma- 
terials. 

The author has concluded that it is possi- 
ble to make a reasonable approximation of 
the breakdown voltage of glass, if the con- 
ditions of the test or of the application can 
be sufficiently well determined. 

The characteristic breakdown curves of 
this paper do not represent the results of 
any one series of tests, but are rationalized 
from data selected from many sources, in- 
cluding unpublished tests. 

The data curves included refer mainly to 
Pyrex* glass, but corresponding data have 
also been included on electrical porcelain 
because of the interesting comparisons 
shown. 


I. Dielectric Failure of Glass 


ITHIN the last few years the physi- 
cist has made pronounced progress 
in the study of dielectric failure, but in 
spite of this progress, our knowledge of 
the phenomena involved is still very in- 
complete. It is generally considered that 


the dielectric failure of insulating ma- 
terials, such as glass and porcelain, may 
occur in one of two ways: 


(a). In disruptive breakdown 
(b). In thermal breakdown 


Disruptive failure is one which results 
directly from an electrical overstress of 
the dielectric material without perceptible 
internal temperature rise. Recent re- 
search indicates that disruptive failure is 
caused by electronic ionization by colli- 
sion within the molecular structure of the 
material.1 In actual practice it is prob- 
able that pure disruptive failure occurs 
only under somewhat special conditions, 
and accurate test values of intrinsic di- 
electric strength are not easily obtained, 
even with the use of elaborate and care- 
ful procedure. The disruptive breakdown 
voltage is roughly proportional to the 


Paper 41-91, recommended by the AIEE committee 
on basic sciences, and presented at the AIEE North 
Eastern District meeting, Rochester, N. Y., April 
30-May 2, 1941. Manuscript submitted October 
19, 1940; made available for preprinting March 21, 
1941. 


E. B. SHAND is with the product development de- 
partment, Corning Glass Works, Corning, N. Y. 


1, For all numbered references, see list at end of 
paper. 


* Pyrex is a registered trade-mark of the Corning 
Glass Works and is applied to a group of products 
rather than to a glass composition, In this paper, 
glasses identified by Corning as 772, 774, and 776, 
etc., are referred to. 


with a pivot bearing running in it.57 
Then assume a worn point on the pivot 
which is abrading the jewel surface. Ifthe 
jewel cup is cut with an orientation 6= 
O degrees (figure 1), the pivot is abrad- 
ing the jewel cup in the most favorable 
direction for removing material, and it is 
reasonable to expect that the pivot will 
find it easier to remove particles of the 
jewel cup than if the angle = 90 degrees, 
When 6=90 degrees the pivot is abrad- 
ing the crystal right angles to the favor- 
able direction in which material can be 
removed and the particles of sapphire 
may be thought of as in a locked position. 


Conclusions 


The experimental evidence demon- 
strates that orientation is a definite factor 
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in the wear of watt-hour meter jewel cups, 
and its control represents another step 
in insuring longer bearing life. 

The experimental data confirm V. 
Stott’s findings that for optimum results, 
the angle @ should be controlled to within 
6=80 degrees to 0=90 degrees. 

A possible explanation based on ele- 
mentary crystal theory confirms the ex- 
perimental evidence. 
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thickness, and may be expressed in volts 

per mil, or kilovolts per centimeter. 

Table I gives representative data for sev- 
eral materials which have been selected 

from various sources. 


Table |. Disruptive Strength 
Sa 
Disruptive Strength 


Material Kv/Cm. (Peak Value) 
pa ea eee 
Lime glassine: <. sinctets sievNeciereeme 3,400-— 4,500 
ead glassiatiycisie = site ciel) eK 3,100 
Borosilicate glass (Pyrex)...... 3,900- 4,800 
Fused quartz ici. cre) toystotiet oie 5,000— 8,000 
Electrical porcelain............ 320- 450 
WGC 5 cota sn piso .sbas ote sin ounie nie 8,000—10,600 


Thermal failure is one which results 
from the increased temperature of the 
insulation caused by the applied electri- 
cal stress. As the internal temperature 
rises the losses also increase, which, in 
turn, raise the temperature still more. 
Under certain circumstances a cumula- 
tive action of this kind may proceed until 
instability is reached, the current and 
losses rise suddenly, which represents the 
thermal failure of the insulation.? 

Whether the limit of disruptive 
strength or that of thermal strength is 
reached first depends upon a number of 
conditions. In cases of thin glass sec- 
tions, allowing the rapid dissipation of 
losses to the electrodes, of short periods of 
test, and of low ambient temperatures, 
the failure tends to be of the disruptive 
type; for the reverse conditions the fail- 
ure tends to become thermal. When a 
series of tests is made with samples of 
successive steps of thickness, or at in- 
creasing temperatures, a transition from 
disruptive to thermal failure is found to 
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Certain tests of this sort made on 
thin samples of glass have indicated 
hat this transition occurs abruptly. 
or thicker samples, such as would apply 

engineering practice, the indications 
e that the internal temperature effects 
within the sample modify the characteris- 
tics of disruptive failure very materially 
before the conditions of thermal failure 
are reached so that the transition becomes 
much less apparent. 

Curve 1 of figure 1 represents the pure 
disruptive breakdown voltage of a mate- 
rial such as glass or porcelain as a direct 
function of thickness. Curve 2 represents 
the breakdown voltage as modified by 
thermal effects. For the lower part of 
the curve the failure is still considered to 
be substantially disruptive, but for thick 
sections it will be purely thermal. No 
definite point of transition is indicated 
by this curve. 


1. Factors Governing Breakdown 


The principal factors governing break- 
down may be listed as follows: 


1. Characteristics of the dielectric mate- 
‘ial 

2. Thickness of the section stressed 

3. Temperature of the material 

{. Duration of application of voltage 

5. Characteristics of the applied voltage 

5 
1 


. Electrostatic field distribution in the 
ielectric and other “‘edge effects” 


1. Wide differences in the character- 
stics of dielectric materials are indicated 
xy the disruptive strengths listed in table 
[. Thermal failure is determined largely 
by the electrical and thermal conductivi- 
ties of the material, and the variation of 
these properties with temperature. Glass 
and porcelain have widely different char- 
acteristics in disruptive failure, although 
n thermal failure these differences are 
nuch less pronounced. 

2. The rate of change of breakdown 
voltage with thickness of section is de- 
pendent upon a number of conditions. 
As already stated, the breakdown voltage 
n pure disruptive failure may be consid- 
sred to vary directly with the thickness. 
Mathematical analyses of thermal failure 
show that for thin sections the breakdown 


voltage will vary as V/ thickness, but 
hat as the thickness is increased, this 
ate of increase is not maintained, and 
hat a limiting condition is reached where 
1 further increase in thickness will not 
esult in any increase in the breakdown 
yoltage. In other words there is a maxi- 
num voltage which a single thickness of 
nsulation will withstand, regardless of its 
hickness. For Pyrex glass this limit has 
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LOG. BREAKDOWN VOLTS 


LOG. 


been calculated to be approximately 5X 
108 volts. 

When materials such as glass and porce- 
lain are immersed in insulating oil, this 
tate of change of breakdown voltage with 
thickness is determined mainly by the 
geometrical configuration of the insulator 
and the electrodes. For flat plates with 
thin electrodes, such as metal foil, the 
voltage will vary as V thickness (see 
figure 1, curve 3). For power insulators 
of conventional design this ratio becomes 
approximately (thickness)®-?, as is indi- 
cated in figure 4. 

3. Information regarding the quanti- 
tative effect of temperature on dielectric 
failure is not as complete as would be de- 
sired. However, various groups of data 
for both glass and porcelain indicate that 
in passing from room temperature (20 de- 
grees centigrade) to 100 degrees centi- 
grade, a reduction in breakdown voltage 
varying from 20 per cent to 40 per cent 
may be expected. At temperatures of 
350 degrees centigrade or more these 
materials will have little remaining di- 
electric strength. 

4. The period of time during which 
the voltage is applied to a dielectric is an 
important factor in determining the re- 
sulting breakdown voltage. Tests made 
under different procedures in this respect 
are not directly comparable. In general, 
it is found that for periods of stress ex- 
tending from a few microseconds to an 
appreciable fraction of a second there is 
little change in the breakdown voltage, 
but from this point to a period of several 
minutes the reduction may be of the order 
of 50 per cent. Beyond this point to in- 
definite periods of time, further reductions 
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Graphic representation of break- 
down characteristics 


Figure 1. 


are not great. This time characteristic of 
breakdown is probably connected with the 
stabilization of the internal temperature 
of the dielectric. 

In figure 1, the disruptive strength 
(curve 1) represents the limit of break- 
down voltage on impulse tests, curve 2 
may be taken to represent the results of 
tests taken with the voltage raised con- 
tinuously at the rate of 667 volts, rms per 
second, which is the standard procedure 
for insulator testing, while curve 2A, may 
be taken to represent the procedure of 
raising the voltage in one-minute steps, 
as is standard for apparatus testing. 
Curves 3B, 3, and 3A, are corresponding 
curves for other test conditions. 

The breakdown voltage as measured 
by the one-minute hold test is usually of 
the order of 15 per cent to 25 per cent 
lower than when measured by the stand- 
ard continuously rising voltage proce- 
dure. 

5. The question of voltage, whether 
d-c or a-c, and if the latter, its frequency, 
must be considered. Evidence indicates 
that if the failure is purely disruptive, the 
breakdown is determined by the peak 
value of the voltage. However, the 
dielectric losses produced by alternating 
stresses, even at commercial frequencies, 
are much greater than the leakage losses 
caused by direct current, so that in the 
former case a lower breakdown voltage 
may be expected, except for very special 
conditions, such as where very thin sec- 
tions are involved. For normal sections 
and commercial frequencies, this reduc- 
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Figure 2. Selected dielectric breakdown data 
for glass 


tion may be of the order of 20 per cent 
(peak value of the a-c voltage being con- 
sidered). 

As the frequency is increased the dielec- 
tric losses increase and the breakdown 
voltage drops. Some tests have indicated 
that at a frequency of 10,000 cycles the 
breakdown voltage may be about 40 
per cent of that at 50 or 60 cycles, while 
for frequencies of the order of 1 mega- 
cycle this ratio may drop to less than 10 
per cent. 

6. In the actual application of insula- 
tion, it is not possible to avoid conditions 
which lead to local field concentrations 
and similar effects which reduce the break- 
down voltage. These are generally re- 
ferred to as ‘edge effects,’’ because they 
were first observed at the edges of the 
electrodes, although they are not limited 
to these localities. Even in elaborate 
tests it is impossible to eliminate edge 
effects completely, and many discrepan- 
cies in the published data on the break- 
down of glass result from this cause. 

In addition to the edges of electrodes, 
these effects are found at points of imper- 
fect contact between the electrode and the 
insulation, scratches in the electrode sur- 
face (when metal foil, or a silvered sur- 
face is used), voids or lack of homogeneity 
in the insulation itself, at changing sec- 
tions of the insulation, and at imperfec- 
tions of the surface of the dielectric, etc. 

One of the principal reasons for the low 
disruptive strength of porcelain as com- 
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pared with glass, is believed to be con- 
nected with the nonhomogeneous nature 
of the porcelain body which results in lo- 
cal field concentrations within the mate- 
rial. Glass, on the other hand, is homo- 
geneous.'! As a consequence of this, 
porcelain is much less sensitive than glass 
to certain edge effects of external origin. 
For instance in tests on glass it was found 
that with a rough ground surface under 
the electrodes, the breakdown voltage was 
only 16 per cent of the value obtained on 
a corresponding sample with polished sur- 
faces. In the case of porcelain there was 
little difference in the two tests, and the 
breakdown voltages obtained on the 
porcelain samples were of the same order 
as those obtained on the rough ground 
glass samples of the same thickness. 
Edge effects which result in local con- 
centrations are ordinarily much less seri- 
ous in the case of thermal failure than of 
disruptive failure. The temperature con- 
ditions resulting from the presence of local 
areas of high stress concentration will 
often produce a redistribution and partial 
equalization of stress, which does not occur 
when the failure is purely disruptive. 
Thus, within certain limits, thermal 
breakdown is in some degree analogous 
to the mechanical breaking of a ductile 
material such as soft steel, while the dis- 
ruptive breakdown is more analogous to 
the tensile failure of a brittle material such 
as cast iron. Under certain conditions of 


{ This, of course, is relative. Glass bodies may 
contain ‘“‘stones, seeds, or blisters,’ which are not 
homogeneous with the remainder of the material. 
Any serious fault of this character, however, can 
be eliminated readily by visual inspection. 
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test where edge effects are known to be 
present, a point of failure under the elec- 
trode, and away from the edges has been 
taken as indicative of a thermal failure, 
while a point of failure at the electrode 
edge or beyond the edge has been con- 
sidered indicative of a disruptive failure. 
This distinction must be used with con- 
siderable care, as it is far from being a 
certain criterion to distinguish these con- 
ditions. 

In order to avoid these edge effects it 
it important that the insulation used be 
without voids or surface imperfections, 
that the electrode should make a good 
contact with the insulation at all points, 
and that the stress at the electrode edges 
be equalized in some way. One effective 
method of reducing the edge stress is to 
thicken the insulation at the point where 
the electrodes terminate, without sudden 
changes in section. 

Another type of edge effect not yet. 
referred to specifically is one connected 
with certain phenomena in the ambient 
medium, such as insulating oil. Dielec- 
tric tests are frequently made under oil 
in order to eliminate flashover of the in- 
sulation sample. With the usual proce- 
dure for such tests, the electrostatic 
field at the electrode edges will fringe out 
into the oil. Insulating oils have a di- 
electric constant much lower than those 
of glass and porcelain so that the electri- 
cal stress in the oil will be materially 
higher than otherwise. Under these con- 
ditions corona discharges will form in the 
oil long before the true breakdown 
strength of glass is approached. As the 
voltage is raised beyond the corona point 
of the oil, streamers develop which will 
extend over the glass or porcelain. At 
the terminating point of these streamers 
on the surface of the insulation intense 
voltage gradients will exist, causing dis- 
integration of the point attacked. If 
this action is allowed to continue for a 
sufficient time, it is probable that a hole 
will be drilled completely through thick 
sections of glass or porcelain causing di- 
electric failure. 


This type of failure is determined al- 
most entirely by the breakdown of the oil, 
and does not constitute a valid test of the 
insulating material, except for those cases 
where the insulation is to be oil-immersed 
in actual use. 

Corresponding samples of various 
glasses and porcelain and of mica with 
wide differences of dielectric characteris- 
tics have been found to puncture at essen- 
tially the same voltage under this test, 
which demonstrates that breakdown is 
not a function of the properties of the in- 
sulating material. 
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Certain investigators state that when 
treamers occur in the oil the discharges 
lave been found to be highly oscillatory, 
ind that even if the puncture takes place 
u nder the area of the electrodes, the meas- 
ured breakdown voltage may not be a 


7 


true indication of dielectric strength be- 
cause of the presence of the high fre- 
quency component of voltage. 

_ One of the means used in overcoming 
this condition, at least to some extent, is 
by the use of semiconducting liquids in 


place of regular insulating oil, Oil with 
a high water content, mixtures of xylol 
and alcohol, etc., are effective in prevent- 
ing the formation of corona to a very 
considerable extent. Semiconducting sur- 
faces on the insulation adjacent the elec- 
trodes have also been used to produce the 
same general effect. In many practical 
applications the form of the insulation 
and the electrode can be selected so that 
the normal voltage stress in the oil is be- 
low its corona point. This procedure is 
commonly employed in the design of oil- 
immersed transformers. In this case, 
however, the insulation is usually com- 
posed of organic material. 

There are still insulation test specifica- 
tions which call for the oil immersion of 
the test piece, and many such tests of 
questionable validity are still made. 
For this reason an appreciation of the 
edge effects resulting from the ambient 
oil is of particular importance. As an in- 
stance of this, the oil puncture test is the 
standard procedure for testing power-line 
insulators, in spite of the fact that it is 


Figure 3. Selected dielectric breakdown data 
for porcelain 
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Figure 4. Oil puncture tests on power insula- 
tors 


60-cycle voltage, raised continuously at 667 
volts (rms) per second 


generally recognized that the results so 
obtained are not representative of their 
performance in service. Figure 4 gives 
average breakdown data as obtained 
from a large number of tests made on 
both Pyrex and porcelain insulators. 
The curves show that the puncture volt- 
age may be raised either by reducing the 
resistivity of the oil or by using a semi- 
conducting film on the insulator surface. 
Tests on Pyrex insulators indicate that, 
even when low-resistivity oil is used, the 
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Shand—Dielectric Strength of Glass 
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puncture results from edge effects, rather 
than from overstress of the glass. 


III. Curve Data 

Figure 1, representing the general di- 
electric charaeteristics of an insulating 
material such as glass or porcelain has al- 
ready been discussed. It is to be noted, 
however, that a single group of such 
curves will not apply to all conditions. 
For instance, curve 1, the disruptive 
strength, may vary in some way with tem- 
perature. Curves 2 and 3 will shift to 
higher or lower voltages with variations 
of such factors as temperature, frequency, 
and duration of stress. These two curves 
represent certain limiting conditions of 
edge effect, so that for specific cases the 
relative severity of this factor must be 
estimated. This is necessarily very much 
of a guess, unless the engineer has a con- 
siderable background of experience to 
call upon. For actual design purposes 
there is the additional question of the 
proper factor of safety to be considered. 
This will, of course, depend upon the re- 
quirements of the type of application in 
view. 

The data presented in the following 
figures refer to tests made at room tem- 
perature, and except when indicated 
otherwise, the values are for 60-cycle 
voltage raised continuously at the rate of 
667 volts (rms) per second. In the case 
of some of the published data it was nec- 
essary to adjust the breakdown voltages 
to the condition. It will be noted, fur- 
thermore, that all voltages are expressed 
as peak values, rather than rms values. 


Figure 2 includes a few representative 
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data for glass. These are mainly for Py- 
rex glass, although some values for lime 
glass are included. 

The disruptive strength of Pyrex glass, 
and also the breakdown values as actually 
modified by temperature effects are taken 
from the data of Moon and Norcross.® 
The results indicated by the square 
points were obtained from tests made by 
the Corning Research Laboratory on 
pin-type Pyrex insulators with the heads 
ground thin and polished to permit their 
puncture in air without flashover. Voids 
between the outer electrode and the in- 
sulator head, together with other surface 
irregularities, produced edge effects which 
were largely responsible for the wide 
difference in the breakdown values 
shown. Values indicated! represent 
impulse tests on Pyrex samples. Edge 
effects were experienced in these tests 
as well. 

Other tests of the Corning Research 
Laboratory on plate glass under oil 
(point 2) check closely with the early data 
of Moscicki.4 These tests were repeated 
with the use of semiconducting oil, with 
the result indicated by point 3. Corre- 
sponding tests made on Pyrex plate are 
seen to give materially higher breakdown 
voltages. The reasons for this difference 
are probably the lower dielectric constant 
of this glass (which will reduce the field 
strength in the oil), and the higher ther- 
mal resistance of Pyrex glass. 

Data on lime glass, points 4, 5, and 6, 
are taken from the many tests of Inge 
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Figure 5. Dielectric breakdown characteris- 
tics of Pyrex glass and porcelain 


Conditions—Room temperature and for 60- 
cycle voltage raised continuously at 667 volts 
(rms) per second 

Curve 1—Disruptive strength 

Curve 2—No edge effects 

Curve 3—Under transformer oil 

Curve 4—Under low-resistivity oil 

Curve 5—Power insulators under transformer 


oil 
Curve 6—Power insulators under low-re- 
sistivity oil 
Curve 7A—Pyrex ‘‘no static’’ iridized insula- 
tors 


and Walther.® 
ing conditions: 


They are for the follow- 


4, Tests made under insulating oil 


5. Tests with edge effects eliminated; 
duration ten seconds 


6. Tests with edge effects eliminated; 
impulse tests 

The curves for Pyrex insulators in 
figure 2 are replotted from figure 4. 

Figure 3 corresponds to figure 2, except 
that the data apply to porcelain. The 
disruptive strength of porcelain is roughly 
ten per cent that of Pyrex glass, but when 
the breakdown is measured under insulat- 
ing oil, there is very little difference be- 
tween the two materials. For thick sec- 
tions, which tend to result in thermal 
breakdown, the values of glass and porce- 
lain tend to approach each other, even 
when edge effects have been eliminated 
from the test. 


Shand—Dielectric Strength of Glass 


Points marked 1 and 2, forimmersionin | 


low and high conductivity oil respectively, 


refer to one-minute tests, and are con-_ 
sequently lower in value than the break- 
down voltages taken with continuously - 


rising voltages. 


Points 3, 4, and 5 represent data pub- 
lished by Bellaschi and Manning® on 


porcelain insulator shells, 


8. One-minute hold tests 

4. Tests made with continuously rising 
voltage 

5. Represents the limits of breakdown on 
impulse tests 


The curves on power insulators have 
been replotted from figure 4 which has 
been discussed already. 

Figure 5 combines the dielectric char- 
acteristics of Pyrex glass and electrical 
porcelain on one sheet. These charac- 
teristics are indicated in the same manner 
as figure 1, and the data are taken sub- 
stantially from figures 2, 3, and 4, with 
minor modifications. 

The information correlated in these 
curves, and in the data on other specific 
conditions mentioned above, is ad- 
mittedly not developed to a point where 
an accurate prediction of the voltage at 
which Pyrex glass and porcelain will fail 
under certain conditions of test or of 
practical application, but it is believed 
that rough approximations can be made, 
and furthermore, that the methods pro- 
posed will allow the insulation engineer 
to obtain a better oriented view of the 
problems involved, and how the materials 
discussed might be used to better advan- 
tage. It is also hoped that with time, 
additional test results will allow the ap- 
proximations to be made with improved 
accuracy. 


References 


1. ELrctric BREAKDOWN OF SOLID AND Liguip 
InsuLaTtors, A. von Hippel. Journal of Applied 
Physics, 1937, page 815. 


2. THE THEORY OF THERMAL BREAKDOWN OF 
Sot Drevecrrics, P. H. Moon. AIEE Trans- 
ACTIONS, volume 50, 1931, pages 1008-21. 


3. THREE REGIONS oF DIELECTRIC BREAKDOWN, 
P. Moon and A. S. Norcross. AIEE TRANSAC- 
TIONS, volume 49, 1930, pages 755-62. 


4. User HocuHsPANNINGS—K ONDENSATOREN, ye 
eas Elektrotechnische Zeitschrift, 1904, page 
52 


5. DURCHSCHLAG VON FESTEN ISOLATOREN IN 
HOMOGENEN UND NICHT HOMOGENEN ELEKTRISCHEN 
FELDERN BEI BEANSPRUCHUNGEN VON LANGER UND 
KURZER Dauer, L, Inge and A. Walther. Archiv. 
f. Elekt., 1929, page 410. 


6. Drevecrric STRENGTH OF PorcELAIN, P. Bel- 
laschi and M. Manning. AIEE TRANSACTIONS, 
volume 58, 1939 (December section), pages 651-5. 


ELECTRICAL ENGINEERING 


| 
; 


oT ‘i 


' 


Overvoltages in Polyphase Induction 


ae 


: C. MACMILLAN 


i MEMBER AIEE 


Introduction 
N the course of the starting, reversal, 
or normal operation of a polyphase 
wound-rotor induction motor, it occa- 
sionally happens that either the stator or 
the rotor or both may be allowed to op- 
erate single phase. In some cases it has 
been noted that the voltage of the open 
‘terminal or terminals under these condi- 


tions has a steady-state peak value well 


above its normal maximum. While scat- 
tered references to this effect may be 
found in the literature, and though the 
general subject of single-phase operation 
of polyphase induction motors has been 
discussed from time to time, apparently 
the magnitude of these voltages has not 
been the subject of a thorough and or- 
ganized investigation. This paper is 
based on the results of a study, under- 
taken to determine analytically the maxi- 
mum theoretical voltages of a three- 
phase induction motor under single- 
phase operating conditions, and, so far 
as possible, to check these calculated 
figures against actual test results. 


Conclusions 


The following conclusions were drawn 
from this study, for motor operation only; 
in general, high-voltage conditions would 
be worse for generator operation: 


1. When a three-phase induction motor is 
operated from single-phase lines, the voltage 
from the open to either of the active 
terminals cannot exceed its normal three- 
phase value. 


2. When a three-phase wound-rotor in- 
duction motor is operated with one rotor 
line open-circuited, the voltage from this 
open terminal to one of the active rotor 
terminals may reach a theoretical maximum 
of 2.3 times the rotor open-circuit voltage, 
assuming zero rotor resistance. This maxi- 
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mum would occur if the stator phase rota- 
tion were reversed and the secondary re- 


sistance were about 1.3 times the total | 


leakage reactance referred to the rotor. 
The ratio of 2.3 for the terminal voltages 
is somewhat reduced in case part of the 
secondary resistance is internal. 


3. When a three-phase wound-rotor in- 
duction motor is operated from a single- 
phase supply with one rotor line open, high 
voltages can occur on both the rotor and 
the stator open terminals. The theoretical 
maxima of these voltages, with resistance 
and saturation neglected, occur slightly be- 
low synchronous speed and recur twice in 
each slip cycle. The maximum theoretical 
line-to-line voltage on the rotor is / 8Xm~ 
2X times the normal open-circuit rotor 
voltage (peak values); that on the stator is 
/3(Xm—Xo)/2Xo times the normal line- 
to-line stator voltage (peak values). 


4. The rotor voltage is somewhat analogous 
to the armature voltage of a synchronous 
machine with a single-phase short circuit.! 
In fact, the expression given here forthe rotor 
voltage agrees with a previously derived ex- 
pression for the transient voltage of the 
open terminal of a synchronous machine.? 
The stator open-terminal voltage in the in- 
duction motor has no counterpart in the 
normal synchronous machine. The pres- 
ence of transient voltages in the induction 
motor of even higher magnitude than the 
steady-state voltage seems to correspond 
to the synchronous machine case when 
switching occurs at such time as to trap a 
d-c flux component in the short-circuited 
winding. 

5. The magnitudes of voltages usually ex- 
perienced are much lower than those cal- 
culated, because of various factors such as 
resistance, saturation, and supply system 
impedance, which were omitted to make the 
calculations feasible. In motors of small 
internal percentage resistance, the calcu- 
lated values are most closely approached. 


6. The conditions of operation and the ab- 
normal voltages discussed in this paper can 
and do occur with existing systems of con- 
trol of wound-rotor induction motors. They 
may be aggravated in cases in which one or 
the other of the open circuits is of a vibra- 
tory, or rapidly recurring, nature. An easy 
and effective safeguard is to avoid opening 
completely any one of the rotor lines, as 
tests show the voltages to be greatly reduced 
with even a relatively high resistance in 
the odd rotor phase. 


Theoretical Investigations 


A. SINGLE-PHASE STATOR 


The three-phase induction motor with 
single-phase excitation has long been 
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studied from several standpoints: as a 
special case of an unbalanced polyphase 
machine,*5 as one type of single-phase 
motor,’ and as a single-phase to three- 
phase phase converter.’ Operation of 
this nature may readily be visualized by 
means of the revolving-field theory of 
Ferraris and its equivalent expression in 
terms of symmetrical components or by 
means of the two-axis method of resolu- 
tion. Both theoretical considerations 
and experience show that for this type of 
operation the open stator terminal will 
not reach a steady-state voltage greater 
than normal, so long as the rotor is sym- 
metrical or nearly so. 


B. SINGLE-PHASE ROTOR 


When a three-phase wound-rotor induc- 
tion motor is operated with three-phase 
excitation and a single-phase secondary, 
the analysis becomes somewhat more 
difficult than for the case just considered. 
Nevertheless, adequate solutions have 
been obtained by the method of sym- 
metrical components*® and by the two- 
axis method;? this is also a special case 
of “internal cascade’’ operation,’ in 
which tertiary nonsynchronous currents 
flow through the supply system, and are 
determined by its total impedance. 


For purposes of visualization, with a 
sinusoidal terminal voltage the stator im- 
pressed field is of constant magnitude and 
rotates at synchronous speed with respect 
to the stator; thus, neglecting the re- 
sistance and leakage reactance drops, a 
maximum of twice normal voltage could 
be induced in the rotor if the stator phase 
rotation were reversed suddenly while the 
rotor was turning at full speed. A finite 
impedance connected between two of the 
rotor terminals allows a single-phase sec- 
ondary current to flow with no direct mu- 
tual reaction on the open rotor phase, 
which thus keeps substantially twice 
normal induced voltage. Assuming zero 
machine resistance and a noninductive 
secondary resistor, the approximate sec- 
ondary voltage vector diagram would be 
as indicated in figure 1, in which-point 1 
represents the open rotor terminal and 
points P and Q the rotor terminals 
shorted through the external resistor, 
point O being the center of the resistor. 
As the secondary resistance varies ‘from 
infinity to zero, P and Q trace out the 
semicircles indicated. The maximum ° 
line-to-line voltage thus is seen to be 
about 2.3 times normal, for an external 
resistance of about 1.3 times the total 
leakage reactance. To account for the 
rotor resistance, points P and Q should be 
located on the same line, but a little 
closer together; they thus trace out 
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Vector diagram of rotor voltages, 


Figure 1. 
single-phase rotor, polyphase stator 


curves slightly inside of the semicircles 
shown. 

The conclusions drawn from this visu- 
alization are confirmed by an analysis by 
the two-axis method (appendix A). 


C. SINGLE-PHASE ROTOR AND SINGLE- 
PHASE STATOR 


The operation of an induction motor 
with single-phase stator and rotor has 
been the subject of study for some time, 
both qualitatively and quantitatively. 
Steinmetz’ discusses this connection un- 
der the heading of reaction machines, of 
which it is one type, and points out a 
number of interesting characteristics 
particularly associated with synchronous 
operation. Lyon* makes an analysis by 
symmetrical components, applying prin- 
ciples found useful in the case of the other 
types of single-phase operation. This 
analysis has been extended in a later 
paper,!! which gives the equivalent cir- 
cuit in the form of a ladder network. 

Kron? has indicated symbolically the 
analytical solution in terms of a two-phase 
machine. A similar analysis may be 
based on the three-phase machine equa- 
tions of Stanley,!’? also a two-axis resolu- 
tion. Solutions by both of these meth- 
ods were carried out for this study, re- 
sistance and saturation being neglected. 
The steady-state solution of Stanley’s 
equations is outlined in appendix B. 
This solution indicates that the maximum 
voltages occur at a speed slightly below 
synchronism and are repeated twice in 
each slip cycle. The shapes of the cal- 
culated rotor and stator voltage waves 
at two points in the slip cycle are shown 
in figures 2 and 38. The maximum line-to- 
line voltage for the rotor is 4/ By ay EG) 
times normal peak line-to-line voltage; 
for the stator, the ratio is / 3(Xin— 
Xo)/2Xo. 

In order to visualize the machine con- 
ditions corresponding to this state of op- 
eration, reference may be made to figures 
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4 and 5, which represent diagrammati- 
cally the physical arrangements of the 
machine parts and the approximate flux 
relations. 

The voltages include components due 
to (a) transformer effects and (5) their 
modification due to speed of rotation. 
The first component is most easily rec- 
ognized in the stationary condition. At 
any angle 0 between the magnetic axes of 
the single-phase rotor winding and single- 
phase stator, the former may be assumed 
replaced by two quadrature coils in series, 
one of which is in maximum inductive 
relation to the stator winding, the other 
in noninductive relation with the excited 
stator phase, but in maximum inductive 
relation with the idle stator winding. 
There is thus a double transformation of 
stator impressed voltage into the idle 
stator and rotor windings involving a 
ratio of transformation dependent upon 
the angular position of the rotor axis, as 
illustrated in figure 6. With this varia- 
tion of transformer ratio there is a corre- 
sponding variation of flux density, and 
of the additional voltage due to speed 
under running conditions. 

When the motor is running, the ma- 
chine voltages may be thought of as con- 
sisting of a speed voltage and also a 
transformer voltage. Since the curves of 
induced voltage of figure 6 might be 
thought of as proportional to the curves of 
“total flux of induction” for the open 
coils, the maximum speed voltage at any 
rotor angle, for constant rotor speed, may 
be thought of as proportional to the slope 
of these curves, or to the rate of change of 
“total flux of induction”’ with respect to 
angle (i.e., time). To this speed voltage 
must be added the transformer voltage 
itself; and for line-to-line quantities the 
effects of the excited phases must be con- 
sidered. 

Comparison may now be made with 
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Figure 2. Calculated rotor voltage waves, 
single-phase rotor single-phase stator, L/L; = 
10 


E,—At instant of maximum peak voltage 
E,—At one-quarter slip frequency cycle later 
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TIMES NORMAL LINE-TO-LINE PEAK VOLTAGE 


120 180 240 300 360 
DEGREES 
Figure 3. Calculated stator voltage waves, 


single-phase rotor single-phase stator, Ln/Li= 
10 


Ai—At instant of maximum peak voltage 
A—At one-quarter slip frequency cycle later 


the calculated voltage curves of figures 2 
and 3. It is seen that the high-voltage 
curves fall off from their maxima to zero 
in about 17 degrees, as shown by the 
slopes in figure 6. They then acquire 
smaller negative values, which are appre- 
ciably shifted by the transformer and ex- 
cited-phase voltages. 

It is important to note from this analy- 
sis that, although very high voltages may 
exist, they are not the result of corre- 
spondingly high fluxes but of high rates of 
change of flux. Consequently, the effects 
of saturation will not be so great as might 
be supposed. The stator resistance 
should slightly reduce the magnitude of 
the currents and fluxes and introduce 
some phase shift; normal rotor resistance 
would also be expected to have a rela- 
tively small effect, but large values of ex- 
ternal resistance would appreciably alter 
the impedance and result in lower volt- 
ages. 

Of more importance in many practical 
cases is the impedance of the power 
source. This in effect adds to the motor 
impedances and reduces the current and 
voltage peaks accordingly. Including 
transformers as part of the source, the 
larger the system relative to the motor, 
the more closely are the theoretical volt- 
age ratios approached. 


Experimental Results 


Tests were made on a standard three- 
phase wound-rotor induction motor rated 
30 horsepower, 1,200 rpm, 60 cycles, 
220/440 volts; the ratio X,,/Xo for this 
machine, by test, was 12.8: the ratio of 
total resistance to total leakage react- 
ance was 0.25. For some of the tests a 
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standard cam-operated controller was 
used, to simulate operating conditions; 
in other cases knife switches were used, to 
give more positive control of the timing. 

Prior to the running tests, curves of in- 
duced voltage versus rotor position were 
taken. For these, the stator was excited 
at a fixed voltage and all line-to-line volt- 
ages were measured by voltmeter as a 
function of rotor position, readings being 
taken with the rotor blocked. Since in 
some cases short-circuited rotor phases 
were involved, only one-fourth rated 
voltage was applied. 

For the running tests, the motor was 
operated without load, giving a normal 
speed slightly below synchronism. Ob- 
servation by means of a cathode-ray 
oscilloscope gave sufficient confirmation 
of the analysis for the two cases of three- 
phase single-phase operation to permit 
restriction of the further work to the more 
troublesome case of single-phase single- 
phase operation. For that case, the 
magnetic oscillograph was used to furnish 
permanent records. 

Table I shows the comparison of the 
test and calculated voltage ratios, all on 
a line-to-line basis, for the single-phase 
single-phase case. All of these are steady- 
state voltages; in some of the oscillo- 
grams there was evidence of initial tran- 
sient voltages, higher than the steady- 
state voltages, which appeared to build up 
under contactor vibration. Records of 
this sort of transient condition were ob- 
tained only for some of the lower voltage 
conditions in table I, the maximum ob- 
served transient peak being about 30 per 
cent greater than the corresponding 
steady-state peak. 

Sample wave forms are shown in figure 
7, which may be compared with the cal- 
culated wave forms of figures 2 and 3. 

The tests indicate that resistance, in 
the normal range, slightly lowers the volt- 
ages. The effect of saturation is not in- 
dicated for the running condition, though 
this may be the explanation of the un- 
usual standstill voltages (measured by 
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Figure 4. Dia- 
grammatic sketch 
three-phase 
induction motor 
operating single- 
phase on both 
stator and rotor 
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Figure 5 (above). Diagram illustrating vector 
flux and magnetomotive force relations of 
figure 4 


Table |. Test and Calculated Line-to-Line 
Voltages for Single-Phase Single-Phase 
Operation 


Rotor Stator 


Standstill: Ratios of rms voltages 
Calculated 


Running: Ratios of peak voltages 
Calculated (for an infinite bus)....11.1 ...10,2 
Test: Motor connected direct to 


lines; rings shorted............ 5.0 ... 4.45 
Motor connected through 
transformer; rings shorted..... 3.35... 3.05 


Transformer in; external re- 
sistance in rotor circuit four 
times rotor resistance.......... 3.0 ... 2.55 


Transformer in; rings shorted; 
odd rotor line tied to shorted 
rings with 300 times rotor 
phase resistance............... Die aoe 0 


voltmeter). System impedance, as shown 
by the effect of removal of the transformer, 
may modify the peaks to a large degree. 
Even without the transformer, however, 
the impedance of the system used was 
relatively high, resulting in the impressed 
voltage distortion evident in figure 7. 
Well-marked depressions in the supply 
voltage (wave B, figure 7), occurring si- 
multaneously with maximum peak volt- 
ages in stator and rotor open phases, 
indicate the effect of limited supply sys- 
tem capacity in reducing the latter test 
voltage below calculated values. The 
wave shape is modified by this and other 
factors, so that the best comparison with 
calculated wave shape A (figure 3) is not 
obtained with the maximum induced 
voltages but at intervals of several im- 
pressed voltage cycles earlier or later, 


Figure 6. Ratio of induced voltage in open 
phase to normal phase voltage, as a function 
of rotor angular position for Lu/Li=10 
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where the distortion at the peak has di- 
minished. At these intermediate points 
in the quarter slip cycle between A, and 
A; states (figure 3), the similarity between 
the oscillogram and the calculated wave 
shape A; may be recognized more clearly 
despite the relative reduction of the os- 
cillogram peak value. 


Appendix A. Maximum Volt- 
age for Single-Phase Rotor in 
Three-Phase Stator 


The two-axis resolution suggested by 
Stanley!? will be applied. Stator resistance 
is neglected and the rotor resistance is com- 
bined with the external resistance, giving a 
total of r per phase; secondary terminal 
voltages are taken to the middle of the 
secondary resistor. With balanced stator 
terminal voltage (an infinite bus) and with 
rotor terminal 1 open, the conditions for 
equations 16 of reference 12 are 


a= V sin wt 

éy= V sin (wt —27/3) 

@c= V sin (wt+27/3) 

tgtly tie = C2 — 3 = 4) = 1g +73 =0 
The equations thus become 


@ 


“ 


3 
Tbig 2 Mop(t2 sin 0) = V sin wt 


3 2+/3 
= V8 splia 2 gue Mop(i2 cos 6) = 
—Vcos wt 
3 
Mapas va Mo[PO\ (ig + 2i¢) — 
27/3 2 2, 
VB sin 0) Piz = cos @+ riz sin @ 
3 : 
— Mo D5 Vig— VB vepiat2i0 + 
2 2 2 
1o(cos pa= 6 sin @——— riz cos 6 


where 
€=@,— 2 


These equations may be integrated, giving 
steady-state solutions for e and %. The 
actual terminal voltages are given by 
€rp=(¢:—2) +riz. These voltages are shown 
in the vector diagram, figure 1. The maxi- 
mum for motor operation is obtained for 
[pé]= —w, when 


3 Mo 


V sin 2w/ + 


/3Mo 


V rsin (2wt—B) 
0 


MM? 
1 a -1) aR 
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LN aaial 


The peak value, of normal ‘rotor line-to- 
line-voltage, obtained by setting [p0]=0 
and r=, is jer|=~/3MoV/Lo.: : Also the 
short-circuit inductance referred to the 
rotor is ;=])— Moy?/Lo. Thus, 


r sin (2wt—B) 


wane \/3 sin 2wt + VPExe 
, ; 


ler| 
B=tan-!7r/X, 
As r varies from 0 to o, the diagram of 
figure 1 is traced out. 

Maximum voltage occurs for r/X,=1.33; 
it is er/|ep|=2.30. If part of 7 is internal 
to the machine, that fraction of the re- 
sistance drop is subtracted (vectorially) 
from the terminal voltage. 


Appendix B. Maximum Volt- 


age for Single-Phase Rotor in 
Single-Phase Stator 


Stanley’s equations will be applied to 
this case, as in appendix A, assuming sinu- 
soidal applied voltage (an infinite bus) with 
all resistance neglected. The terminal con- 
ditions then are 
y= 1g = 1213 = 1p +16 = €2 —€3 =0 
€p—ec= V cos wt 


The equations to be solved are as fol- 
lows: 


—2r/3 
3 

2Lopip +2 Mop(t2 cos 6) = V cos wt 

Mo[p0 lip —1o(sin 0) pis = (+/3/2)e; cos 0 

Mofiy +lo(cos 0) piz= (+/3/2)e; sin 8 


Finally evaluated, the steady-state phase 
voltages are the following: 


Mop(iz sin 6) =eg 


Q= y 8 cos wi+ 


i 
ea cos 6 sin wt — 


(69) 
wo ||. : 
2) — | sin? @ cos @ sin wi 
(é3) 


\ 


Lolo 
Mo 


— cos?6 
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(1/2) sin 20 cos wt+ 


eT cos 20 sin wt — 
(23) 
aya] sin? 26 sin 7 


Lol 
= *—cos? 0 


0 


The line-to-line voltages are 
er=(3/2)e1 
es= — (3/2)eg+ (1/2) V cos wt 


Maximum values for eg occur when cos @ 
Sail, Gil Grails wisn 


Maxima of es occur when cos 20= +1, 
sin wf=1; then 


/3V 
2 


max Loe, 
Mo 


es 


Calling the stator self-inductance Ip the 
magnetizing inductance L,,, and the short- 
circuit inductance Ly—Mo?/lo the total 
leakage inductance LZ), the ratios of the 
peak voltages as calculated to the normal 
peak voltages are 


ler| 2 Ly 
es ave (= ) 
les| Ly 


The former corresponds to equation 24f 
of reference 2. 

In practice, the motor may not be con- 
nected to a system of low enough impedance 
to be taken as an infinite bus. In this case, 
if the generated internal voltage is sub- 
stantially constant, it may be taken as the 
source, with the generator reactance trans- 
ferred to fictitious motor circuits; the 
generator and line reactances would be ex- 
pected to have approximately the effect of 
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Figure 7. Oscillogram of operating condi- 
tions with single-phase stator excitation and 
with single-phase short circuit on rotor, 
30-horsepower, 12,00-rpm, 3-phase, 60-cycle, 
220/440-volt induction motor 


A—Stator line-to-line voltage 
B—Stator line-to-line voltage (impressed) 
C—Stator line-to-line voltage 
D—Rotor line-to-line voltage 
E—Rotor line-to-line voltage 


For measured peak values, see table | 


additions to L,, and L; in the voltage ex- 
pressions, giving 


eR J/3 Dim ext 
lep| 2 Ly+Lext 


es _v3 Ln-ly 
les| 2 LytLext 


These voltages would apply to fictitious 
points within the generator; the actual 
motor terminal values would differ slightly. 

The standstill, or transformer, voltages 
can also be obtained from the foregoing 
expressions by setting [p9]=0. Then the 
line-to-line voltages to the open terminals 
are 


Sa SSS 
CR 2 M,? 
PA Gy Lol 
| . me cos? @ 
M2 
= Si 
es 
lesleere “2 
é o 
gh eesy = cos?6 
M,? 


The respective maxima are 
V3Lm 
4VL(Lm— Li) 
1, V3(Lm—Ly) 
a 


BAN 


Appendix C. Nomenclature 


1g, 1p, tp =stator phase currents 

1, 22, 3=rotor phase currents 

a, &>, €-=Stator phase terminal voltages 
€1, €, €@s=rotor phase terminal voltages 
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_ Photographic Study of A-C Ares 
in Flowing Liquids 


J. SLEPIAN 


FELLOW AIEE 


I. Introduction 


HE importance of fluid flow in aid- 

ing are extinction in circuit inter- 
rupters has long been known. Two gen- 
eral types of explanation of the large 
effect found have been offered. Slep- 
ian!,?,3 who seems to have been the first to 
stress the importance of the motion of the 
gases liberated by the arc from the sur- 
rounding oil or solid insulation in oil 


General view of the test structure 


Figure 1. 


T. E. BROWNE, JR. 


ASSOCIATE AIEE 


breakers and expulsion fuses, sought the 
explanation in reduced are section at cur- 
rent zero, and increased diffusion rate of 
ions and molecules arising from the tur- 
bulence. Other investigators have ex- 
pressed similar views, at least in part.‘ 

Another theory attributes the rapidly 
rising dielectric strength at current zero 
to the cutting of the are path by a film of 


Figure 2. Camera with its syn- 
chronous shutter 


cool, un-ionized fluid, which grows in 
thickness at a rate comparable with the 
fluid velocity, so that a simple relation 
may be expected between fluid velocity, 
fluid dielectric strength, and limiting re- 
covery rate of circuit voltage at which 
extinction takes place. Such a relation 
is said to have been established experi- 
mentally for an oil flow breaker,®78 but 
this has not been universally accepted.® 


Paper 41-92, recommended by the AIEE committee 
on protective devices, and presented at the AIEE 
North Eastern District meeting, Rochester, N. Y., 
April 30-May 2, 1941. Manuscript submitted 
November 6, 1939; made available for preprinting 
March 14, 1941, 


J. Stepran and T. E,. Browns, Jr., are both with 
Westinghouse Electric and Manufacturing Com- 
pany, Mr. Slepian in East Pittsburgh, Pa., and Mr. 
Browne in Trafford, Pa. 


1. For all numbered references, see list at end of 
paper. 


es=stator line-to-line voltage 
é€r=rotor line-to-line voltage 
V=maximum value of impressed 
voltage 
w/2mr=frequency of impressed voltage 
@=rotor position angle 
[pé] =rotor angular velocity 
L)=stator inductance per phase 
l)=rotor inductance per phase 
M,=mutual inductance between ro- 
tor and stator per phase 
L,=leakage inductance referred to 
the stator 
1,=leakage inductance referred to 
the rotor 
Lm=stator magnetizing inductance 
Lext= inductance of supply system 
X,=reactance corresponding to li 
X m=reactance corresponding to Ly, 
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X =reactance corresponding to L, 
r=secondary phase resistance 
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Photograph 272 


Taken at current zero 

Water velocity=11 feet per second 
Pressure at arc=1 atmosphere 
Circuit voltage = 2,300 
Current=530 amperes 


Photograph 273 
Taken 0.001 second after last current zero 
Water velocity=15 feet per second 
Pressure at arc=1 atmosphere 
Circuit voltage =2,300 
Current=509 amperes 


Photograph 274 
Taken one half-cycle after last current zero 
Water velocity=15 feet per second 
Pressure at arc=1 atmosphere 
Circuit voltage = 2,300 
Current=515 amperes 


Figure 3. 


With this uncertainty as to the nature 
of the arc extinction process in fluid flow, 
it is highly desirable that direct experi- 
mental investigation be made into the 
state of the arc near current zero. Short 
exposure photography near current zero 
would seem to be a powerful means of 
attack. High-speed motion pictures, at 
5,000 frames per second, have been taken 
of arcs in a gas blast.%11. These show 
greatly reduced arc sections arising from 
the blast, but fail to show conclusively 
any sharp dividing line between a rap- 
idly receding highly ionized luminous re- 
gion and a growing dark region corre- 
sponding to freshly introduced gas in the 
arc path. Also, a criticism might be 
made that the location of the current 
zero is not determined with respect to the 
pictures. One cannot be certain that the 
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Photograph 237 


Taken one-tenth half-cycle after last currentzero 
Water velocity = 40 feet per second 

Pressure at arc=1 atmosphere 

Circuit voltage = 2,300 

Current=530 amperes 


Arc photographs under water 


continuous luminous column representing 
the arc space may not have existed for 
many microseconds after current zero, 
since it is quite possible that such a fine 
column, subjected to the local micro- 
turbulence inherent in the gas blast and 
high-temperature gradients, might have 
the capacity to withstand considerable 
voltage without breakdown. 

Hoping to shed more light on these 
questions, particularly for the case where 
the flowing fluid was liquid, a series of in- 
vestigations were carried on at the West- 
inghouse Research Laboratories, of which 
this is the first report. 

The immediate objectives of this re- 
search were: (1) to determine the effect 
on the arc’s interrupting ability of inde- 
pendent variations in fluid velocity, 
static pressure, type of fluid, arc length, 
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yh 


electrode shape, baffle arrangements, and 
circuit natural frequency; and (2) to 
photograph the arc under these controlled 
conditions, hoping thus to learn some- 
thing about the actual mechanism of the 
interaction between the flowing liquid 
and the are in its gas bubble, especially 
near current zero. In this paper only the 
photographic results will be described. 


II. Apparatus 


An arc drawing structure with asso- 
ciated pump was so designed and built 
that the arc could be subjected momen- 
tarily to either longitudinal or transverse 
oil or water velocities up to 200 feet per 
second in a 3-inch channel and to inde- 
pendently controlled static pressures up 
to 15 atmospheres. Figure 1 shows the 
general arrangement of the structure. 
The fluid is directed upward from the 
horizontal pump cylinder through a M1- 
carta and glass liner within the vertical 
tube and into the discharge tank above. 
Windows are provided on opposite sides 
of the are tube at the point where the 
are is drawn. 

For photographing the arc, a miuia- 
ture camera is mounted in front of one of 
the windows, as shown in figure 2.1? It 
is provided with the synchronously driven 
rotating shutter shown for taking pictures 
of the are and its associated gas bubble 
at any point on the current cycle. Con- 
tacts on a rotating drum attached to the 
shutter disk serve to synchronize the 
camera shutter with it and to record on 
an oscillogram exactly when the picture 
was taken. Because of the importance 
of that moment, pictures were taken gen- 
erally at or near to current zero, the ex- 
posure time (with a much narrower slit 
than shown) being about 1/3,999 second. 
The are bubble was shown in silhouette 
against a very brightly illuminated back- 
ground. In addition to the magnetic 
oscillograph, a cathode-ray oscillograph 
was available for observing the arc reigni- 
tion or extinction voltage at current zero. 
A few high-speed moving pictures of the 
arc at about 2,000 frames per second were 
also taken. 


III. Results 


Such a large number of arc photographs 
have been taken that only a summary of 
the observations illustrated by a few 
samples can be presented here. Five 
hundred-ampere arcs, 1 and 2.5 centime- 
ters long between one-fourth-inch (0.635 
centimeter) electrodes subjected to par- 
allel flowing oil and water were studied 
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4 first. The bubble shapes with oil and 


water were apparently identical, but be- 
cause of greater transparency and the ab- 
sence of carbon, the photographs with 
water were generally clearer than those 


— with oil. 


PARALLEL WATER FLow 


In figures 3 and 4, photographs 272, 
273, 274, 237, and 284, are all of tests with 
parallel water flow. All were taken with 
the shutter adjusted to open near current 
zero. In 272, taken at current zero, the 
velocity (11 feet per second) is so low that 
droplets of incandescent copper can be 
seen falling against the flow and the 
gas bubble, or cloud, is large. In 273 the 
velocity was slightly greater and the 
photograph was taken nearly 0.001 
second after the arc had been extin- 
guished by opening the ‘“‘back-up’’ cir- 
cuit breaker. Here, streaks of light indi- 
cate that the arc terminals were still white 
hot, and it is evident that the fluid had 
not yet completely closed in between the 
electrodes, even though nearly 1,000 
microseconds had elapsed since the dis- 
appearance of the arc. In 274, taken 
under similar conditions but one half- 
cycle after arc extinction, the interelec- 
trode space had been swept clear except 
for a trail of bubbles still arising from the 
lower arc terminal. Remnants of the 
gas bubble were still visible around the 
upper electrode. The conditions of 237 
were similar to those of 273, except that 
the velocity was considerably greater. 
Here no incandescence can be seen at the 
arc terminals, but some of the back- 
ground light was transmitted through the 
“neck” of the bubble still existing be- 
tween the electrodes. Comparison with 
273 shows that the increase in velocity 
resulted in a still smaller tendency for the 
flow to close in above the lower electrode. 
This effect of fluid velocity is even more 
clearly illustrated by 284, in which, at a 
still higher velocity, the gas bubble at 
current zero just filled the space in the 
‘wake’ of the lower electrode and ex- 
tended almost unchanged in section all 
the way to the upper electrode, which 
was 2.5 centimeters away instead of | 
centimeter, as in the foregoing pictures. 


Of especial importance for the theory 
is the fact that the are interrupted the 
4,600-volt reactive circuit here, showing 
that this gas bubble of about one-fourth 
inch diameter was able to withstand 1/2 X 
4,600=6,500 volts or a gradient of 2,600 
volts per centimeter, shortly (less than 
400 microseconds) after this current zero 
without the aid of any interposed layer 
of liquid dielectric. Actually, the os- 
cillogram of the test showed that the arc 
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Photograph 284 
Taken at last current zero 
Water velocity =87 feet per second 
Pressure at arc=1 atmosphere 
Circuit voltage = 4,600 
Current=445 amperes 


Photograph 299 


Taken one half-cycle after last current: zero 
Maximum water velocity=45 feet per second 
Discharge pressure =1 atmosphere 

Circuit voltage = 2,300 

Current=442 amperes 


Photograph 301 


Taken just before current zero 

Maximum water velocity =38 feet per second 
Discharge pressure =1 atmosphere 

Circuit voltage = 2,300 

Current= 441 amperes 


Photograph 302 


Taken 1/40 half-cycle before last current zero 
Maximum water velocity=38 feet per second 
Discharge pressure =1 atmosphere 

Circuit voltage = 4,600 

Current=474 amperes 


Figure 4. Arc photographs under water 


restruck one half-cycle later, presumably 
by thermal breakdown of the water’ 
which must have by then entirely dis- 
placed the original gas bubble. 


NONPARALLEL WATER FLOW 


In addition to parallel flow, many other 
more complicated flow arrangements 
were studied. The first and simplest di- 
recting structure was merely a thin one- 
fourth inch thick) brass diaphragm placed 
across the flow channel and provided 
with a central round hole (usually one 
inch in diameter) through which the arc 
was drawn by the one-fourth-inch rod 
electrodes. Its location with respect to 
the electrodes in early tests is shown in 
photograph 299 of figure 4, taken one half- 
cycle after interruption of the circuit by 
the arc. The flow conditions roughly ap- 
proximate those with many forms used in 
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practice. Photo. 301, taken just before 
current zero, is the clearest obtained of a 
bubble form very often observed under 
these conditions, pear-shaped with the 
constricted neck only partially filling the 
outflow orifice. In contrast is 302, 
which was taken under apparently almost 
identical conditions, but which is entirely 
different. Such random variation in 
bubble size and shape was found to be 
characteristic of this type of flow at these 
moderate velocities. That bubble size 
was not, as one might expect, a function 
of instantaneous current is further shown 
in figure 5, by photograph 356, which was 
taken at peak current under otherwise 
similar conditions and shows a bubble of 
almost the same size and shape as that 
of 301 where the instantaneous current 
was near zero. 

Associated with the variation in bubble 
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Photograph 356 
Taken at peak current 
Maximum water velocity =39 feet per second 
Discharge pressure =1 atmosphere 
Circuit voltage =6,900 
Current=504 amperes 


Photograph 806 


Taken one half-cycle after last current zero 
Maximum oil velocity = 23 feet per second 
Discharge pressure =5 atmospheres 

Circuit voltage = 13,800 

Current=547 amperes 


Figure 5. 


size was the variable interrupting per- 
formance of the are under these conditions 
from one half-cycle to the next. The 
correlation between bubble size at cur- 
rent zero and tendency for the arc to re- 
ignite is illustrated well by photographs 
301 and 302. Even though the circuit 
voltage in the case of 302 was 4,600 as 
compared with 2,300 for 301, the are was 
extinguished after 302, but restruck with 
no appreciable pause after 301. Clearly, 
as one might expect, the small bubble 
was a very much better arc extinguisher 
than the large bubble. 


FLOW OSCILLATIONS 


These wide and apparently random 
variations in bubble volume and inter- 
rupting ability at current zero are ap- 
parently due to the characteristically os- 
cillatory nature of the flow of liquid and 
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Photograph 805 
Taken at last current zero 
Maximum oil velocity =33 feet per second 
Discharge pressure =5 atmospheres 
Circuit voltage =13,800 
Current=554 amperes 


Photograph 890 


Taken 1/20 half-cycle after last current zero 
Maximum oil velocity=22 feet per second 
Discharge pressure =1 atmosphere 

Circuit voltage =13,800 

Current=1,890 amperes 


Arc photographs under water and oil 


gas around the arc and through an orifice. 
These oscillations, which were first re- 
vealed by large-amplitude pressure varia- 
tions in the vicinity of the are and by 
corresponding periodic are voltage peaks, 
always occurred when the conditions 
were such as to permit the formation of 
an appreciably large gas bubble on the 
high-pressure side of the orifice. The 
frequency, usually a few hundred cycles 
per second, depended linearly on the 
maximum fluid velocity through the ori- 
fice and was relatively independent of the 
orifice size and shape, and also of the arc 
current and are length. The relation was 
f=5V cycles per second, where V is the 
fluid velocity in feet per second. There 
was little, if any, tendency for the oscilla- 
tion to synchronize itself with the 60- 
cycle current. Analysis of the oscillo- 
graphic pressure records and of the me- 


Slepian, Browne—A-C Arcs in Flowing Liquids 


chanics of the flow indicated that periodic 
growth and collapse of the gas bubble 
surrounding the arc was an essential part 
of the oscillation. 

Because of the lack of synchronization 
of the bubble oscillation with the current 
zero, the bubble diameter existing at cur- 
rent zero would be expected to vary in a 
random manner as it did in fact. Vari- 
ability in interrupting performance was 
thus also explained. This oscillation 
could be prevented at moderate currents 
by so proportioning the flow channel and 
adjusting the driving pressure that bubble 
growth in front of the orifice was effec- 
tively prevented. Such arrangements 
gave somewhat better average interrupt- 
ing performance with water but not with 
oil. 


PHOTOGRAPHS WITH OIL 


Photographs 805, 806, 890, 975, 989, 
990, 991, and 976 of figures 5, 6, and 7 are 
samples of a great number obtained while 
studying the interrupting ability of the 
arc with oil flow directed by variously 
shaped orifices. As these orifices were 
made of a transparent plastic material 
(Lucite), the effect of a cross-section view 
was obtained. Photographs 805 and 806 
were taken under nearly similar condi- 
tions, except that 805 was at the last 
current zero and 806 followed the last 
current zero by one half-cycle. In 805, 
the arc bubble is comparatively small, 
but still large enough so that the flow was 
oscillatory. In spite of the design to ac- 
centuate radial flow, 806 shows that the 
flow had not completely closed in over 
the lower electrode even after one half- 
cycle, and that the are terminal there was 
still luminous. Somewhat in contrast is 
890, taken only 1/29 half-cycle (400 micro- 
seconds) after extinction of a 2,000-am- 
pere arc in an orifice of different shape. 
The arc terminals were still glowing 
brightly but the interelectrode space ap- 
pears to have been swept almost clear of 
gas even at this comparatively low ve- 
locity of 22 feet per second (11 feet per 
second at the tip of the lower electrode). 

A still different electrode and orifice 
arrangement is shown in photographs 
975 and 976 referred to above. These 
apparently show successive stages near 
the beginning of the growth of an arc 
bubble. Strangely, extinction occurred 
after 975, but not after 976. All of these 
pictures illustrate the characteristically 
very large random variations in appear- 
ance of are bubbles with orifice flow and 
these last also show the frequent impos- 
sibility of distinguishing between bubbles 
in which the arc will just reignite and 
those in which the are will just fail to re- 
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ignite. This lack of distinction was char- 
acteristic of bubbles, whose volumes were 
always kept small by the flow, such as 
those in photographs 989, 990, and 991. 
These were all taken under identical con- 
ditions, except for the oil velocities, which 
were 209, 169, and 127 feet per second, 
respectively, measured at the constric- 
tion, which was here occupied by the are. 
At the highest velocity some diminution 
in the bubble section may be noticed; 
but at 169 feet per second and 127 feet 
per second, which values were, respec- 
tively, above and below the critical value 
for ultimate arc extinction (143 feet per 
second), there was no detectable differ- 
ence in the arc bubble appearance. How- 
ever, it should be noted that photograph 
990 was taken at a current zero prior to 
are extinction. 

More recently, sequence pictures have 
been obtained with a rotating-prism type 
high-speed motion picture camera!‘ which 
reveal this bubble behavior clearly. The 
eight-frame sequence of figure 8 shows 
the gradual growth, collapse, and re- 
growth of an are bubble under conditions 
similar to those of photographs 301 and 
302 except that the fluid was oil flowing 
through the orifice at 68 feet per second, 
nearly twice as fast as in 301 and 302. 
The interval between successive pictures 
was about !/;, of a half-cycle, or 430 mi- 
croseconds. Examination of the whole 
film leads to the conclusion that the cur- 
rent passed through a zero value in the 
vicinity of frames 4 and 5. Figure 9 isa 
similar sequence of an arc bubble like 
those of photographs 975 and 976 but 
also under oil flowing at considerably 
higher velocity. This sequence does not 
embrace a current zero. It is now re- 
vealed that photographs 975 and 976 
represent near-minimum arc bubble sec- 
tions which approximately coincided 
with current zeros only by coincidence. 


IV. Conclusions 


From a study of many hundreds of arc 
photographs represented here by only a 
few samples, the following conclusions 
have been drawn: 


1. The gas bubble surrounding an arc 
under a flowing liquid is generally not dis- 
placed by a liquid barrier until some appre- 
ciable fraction of a half-cycle after the arc 
has been extinguished. 


2. The existence of a large bubble section 
at current zero favors reignition of the arc 
while the existence of a small section favors 
its extinction. 

3. Even under apparently identical con- 
ditions, the shape and size of the gas bubble 
may show very wide variations. These 
variations are the result of rapid bubble 
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Photograph 975 


Taken 1/50 half-cycle before last current zero 
Maximum oil velocity=37 feet per second 
Discharge pressure =1 atmosphere 

Circuit voltage =13,800 

Current= 490 amperes 


Photograph 976 
Taken at current zero 
Maximum oil velocity=34 feet per second 
Discharge pressure =1 atmosphere 
Circuit voltage = 13,800 
Current=486 amperes 


Photograph 989 


Taken 1/20 half-cycle before current zero 
Maximum oil velocity=209 feet per second 
Discharge pressure =1 atmosphere 

Circuit voltage =13,800 

Current= 490 amperes 


Photograph 990 


Taken 1/20 half-cycle before current zero 
Maximum oil velocity=169 feet per second 
Discharge pressure =1 atmosphere 

Circuit voltage = 13,800 

Current=490 amperes 


Figure 6. Arc photographs under oil 


oscillations which are usually not syn- 
chronous with the are current variation. 

4. Where the arc bubble is uniformly small, 
there is no consistent difference between its 
appearance at a current zero at which the 
are is extinguished and one at which it re- 
ignites, or between the characteristic bubble 
appearance at pressures or velocities just 
above the critical values for extinction and 
those just below these values. 


With regard to the theory, it may be 
seen that conclusions | and 4 are wholly at 
variance with the idea that arc extinction 
results from the formation between the 
electrodes at current zero of a growing 
These and 
that ex- 


barrier of dielectric liquid. 
conclusion 2 rather, 
tinction or reignition of the arc is usually 
determined by conditions existing within 
the remanent gas bubble at or just before 
current zero. These conditions probably 
relate to the character of the gas flow 


within the bubble, such as can be de- 


suggest, 
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Arc photograph under oil 


Figure 7. 


Photograph 991 
Taken 1/20 half-cycle before current zero 
Maximum oil velocity=127 feet per second 
Discharge pressure =1 atmosphere 
Circuit voltage =13,800 
Current=490 amperes 
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Figure 8 (left). Moving-picture sequence 
of arc under oil 


Sequence taken at 2,300 frames per second 


Oil velocity =68 feet per second 
Discharge pressure =1 atmosphere 
Circuit voltage =13,800 
Current=500 amperes (rms) 


scribed in terms of a mean velocity, and 
an intensity of turbulence. Once the are 
has failed to reignite, of course, displace- 
ment of the bubble may follow very 
quickly. 

Conclusion 3 seems to offer a plausible 
explanation for the well-known incon- 
sistency of many types of fluid circuit 
breakers when tested near their inter- 


rupting limit. 


Time 
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Figure 9 (right). Moving-picture sequence 
of arc under oil 


Sequence taken at 2,300 frames per second 


Oil velocity =56 feet per second 
Discharge pressure =1 atmosphere 
Circuit voltage = 13,800 
Current=500 amperes (rms) 
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Synopsis: This is the first of a series of 
“papers explaining the theory and principles 
_of operation of the brush-shifting a-c motor. 
Operation of the machine, either as a motor 
or a generator, is explained on the basis of 
the superposition of currents. The theory 
of the primary current loci is developed for 
_ both high-speed and low-speed adjustments. 
A method of determining the primary cur- 
rent loci from no-load measurements is 
presented. Experimental data have shown 
the theory to be valid. 


N general, a-c polyphase motors are 

less adaptable to speed adjustment 
than are d-c motors. However, by use 
of a combination of regulating winding, 
a commutator, and brush-shifting facili- 
ties, a polyphase induction motor can 
be so constructed as to provide speed 
adjustment similar to that obtainable on 
a d-c shunt motor. These motors are 
essentially three winding motors. The 
primary winding placed on the rotor is 
supplied from the line through slip rings. 
The stator winding (see figure 1) is a 
phase wound secondary. The third 
winding is placed on the rotor and is 
provided with a commutator. Voltages 
collected from this commutator are in- 
serted into the secondary circuit. Speed 
adjustment is obtained by changing the 
settings of the brushes. These a-c ma- 
chines have speed-torque characteristics 
similar to those of the d-c shunt motor. 
Because of this similarity, they are some- 
times called a-c shunt motors. 

The authors have presented a simple 
explanation of the theory of this a-c 
adjustable speed, commutator type of 
motor based on ordinary induction motor 
theory which they have checked and 
found to be fundamentally sound. This 
explanation employs an extension of the 
application of the induction motor circle 
diagram theory. This new theory, 
meritorious because of its simplicity, is 
most helpful in explaining some of the 
motor characteristics such as power 
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factor correction, design requisites for 
certain speed ranges, generator action, 
and its use for regenerative braking. 
The accuracies of the results obtained by 
this theory indicate that it may be found 
useful industrially as well as academically. 


The Motor 


The speed of an ordinary induction 
motor can be changed by inserting into 
the secondary element a voltage of slip 
frequency, provided this voltage is in 
such a phase position that it forces a 
power component of current into the 
secondary (that is, this current produced 
in the secondary is not maximum when 
the flux surrounding the secondary con- 
ductors is zero). In the particular 
motor described here, this current (see 
figure 1) is obtained from an adjusting 
winding placed on the rotor. This 
adjusting winding is provided with a 
commutator and provision is made for 
collecting voltage from it by use of ad- 
justable brushes which are connected to 
the secondary. The secondary is lo- 
cated on the stator and the primary on 
the rotor. The brushes are mechanically 
coupled so that they are spaced at the 
same distance for each secondary phase 
winding, thereby insuring equal voltages 
conducted to each secondary phase. 
When the brushes of each secondary phase 
are adjusted so that they are in contact 
with the same commutator segment, 
the secondary is short-circuited, and no 
voltage is supplied from the adjusting 
winding. Under these conditions, the 
motor behaves like an ordinary induction 
motor, and the adjusting winding is in 
no way operative. The speed can be 
reduced by separating the brushes in a 


/B6+) 


_ SECONDARY 


3 


ANS | 
os ares 
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ee 
oe 


PRIMARY 


Figure 1. The motor circuit 
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given direction so the voltage collected 
from the brushes causes a component of 
secondary current which produces a 
negative torque. The machine can be 
operated above synchronism by shifting 
the brushes, that is, interchanging their 
positions (a) to (b), and (b) to (a)—figure 
2, so that the voltage coliected by these 
brushes is in such a direction as to force 
a current through the secondary which 
will produce positive torque. The motor 
can be reversed by reversing two of the 
leads supplying the primary. 


The Theory of Speed Adjustment 


Speed adjustment cannot be obtained 
merely by inserting a voltage into the 
secondary from the brushes unless this 
voltage is in such a direction as to cause 
a current that is torque producing. A 
voltage collected by the brushes even 
though large in magnitude may produce 
little or no change in speed if the current 


O- ADJUSTING 
G* WINDING 


PRIMARY 


Figure 2. Currents and voltages in the second- 
aries 


that it produces in the secondary con- 
ductors is in quadrature with the flux 
surrounding these secondary conductors. 
Such a condition will materially change 
the power factor of the motor without 
appreciable change of speed. Since it 
is possible to change both the magnitude 
and direction of this voltage collected 
from the adjusting winding, there is an 
infinite number of different brush settings 
that may give the same speed adjust- 
ment. However, there is but one setting 
of the brushes that will provide a given 
speed at a given power factor for a given 
load. Since all of these variables are 
interdependent, it is desirable that some 
form of explanation which shows their 
relation be presented. To show these 
relations, a specific brush setting will be 
chosen and the operation of the motor 
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MAX. VALUE OF b= 


Figure 3. 


Ee 
MAX. VALUE ,OF hay 


explained for this setting. An under- 
standing of the operation for this one 
brush setting will be most helpful in 
determining the conditions for other 
possible settings. 


Operation Below 
Synchronous Speed 


Let us assume that it is desired to 
operate this motor at half synchronous 
speed. This can be accomplished by 
spacing the brushes so that the voltage 
Ey, induced in the adjusting winding 
between the brushes (a) and (6), figure 
2, is exactly 180 degrees out of phase 
with the voltage EH, induced in the sec- 
ondary due to slippage of the secondary 
with respect to the flux. The separation 
of the brushes should be sufficient to 
make /y, equal to half the standstiil 
value of E, in order to obtain a no-load 
speed equal to half synchronous speed. 
In figure 2 and in all following references 
this induced voltage due to slippage will 
be designated as FE, and the current that 
it forces through the secondary and the 
adjusting winding included between the 
brushes will be designated as Jz. The 
voltage induced in the adjusting winding 
between the brushes will be referred to 
as Hy, and the current that it causes to 
flow is designated as J). 

The total current flowing in the sec- 
ondary for any condition of operation 
is the sum of the currents J, and Jj. 
The magnitude of this total current can 
be best understood by dealing with these 
two components separately to determine 
their nature, and then adding them to 
obtain the total current. 

Assuming that the flux is constant 
for constant impressed primary voltage, 
the voltage per turn in the adjusting 
winding will be constant regardless of 
the speed. Therefore, for any given 
brush setting, Fy, will be constant 
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LOCUS OF Iz 


<—_—- 


ssE2 


Ey 


(96-3 


NO LOAD 


ssX2 + ssXaw, 


(Q) 


Loci of secondary 
currents with brushes set for 
approximately 50 per cent of 
synchronous speed 


(independent of slip). The frequency 
of Ey, changes with slip and at all times 
is the slip frequency of the motor. The 
voltage. E, induced in the stator by this 
constant flux is directly proportional to 
the slip and is of slip frequency. There- 
fore #, and Ey, are always voltages of 
the same frequency. The current J; 
which is caused by the voltage E, is 
impeded by the stator phase resistance 
R:, the stator phase reactance Xe, the 
resistance of the adjusting winding 
Raw, and the reactance of the adjusting 
winding X4y. The current J; is limited 
by the same impedance that limits J». 
Expressions for these currents are: 


=, 


(1) 


Ij 
(8+ Raw)? OX an) 


Ey 


y= (2) 
V (Ro+R aw)? +(X2+X ap)? 


Letting 


FE, at standstill be 5,;F2 
X, at standstill be ;,X> 

X aw at standstill be ,.X 4p 
S = per cent slip 


Then 
alone) 


I= (3) 
Yet Ran a (ssX2S+ 53X awS)? 


or 


sso (4) 
(Ro+R 2 
jae ar (s5X2 ah ss A w) 3 


Ey 


h= 


In= 


(5) 
48+ Ran? (ssX 25+ ssX 4wS)? 


It will be noted in the above equations 
that the secondary currents are limited by 
an impedance made up among other 
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MOTOR GENERATOR 
ACTION © 1, ACTION 


(6° eS) 


Figure 4. Relations of secondary voltages and 

currents when brushes are set to make E2 

opposite E;; and equal in magnitude at half 
speed _ 


(a)—No load 
(b)—Machine acting as a motor 
(c)—Machine acting as a generator 


things of the reactance ,,X 4S. This 
is the reactance offered to currents of 
slip frequency, and the voltages that are 
produced by this reactance and the 
secondary currents (lo;X4yS and 
ThissX 4wS) are independent of the primary 
supply frequency. At synchronous speed 
these voltages become zero and the sec- 
ondary current is limited by the re- 
sistances only. This is on the basis of 
course that all the flux cuts all three 
windings. 

On the basis of the equations 4 and 5, 
the vector diagram of the secondary 
circuit including its portion of the 
auxiliary winding can be constructed as 
in figure 3. From equation 4, it is evi- 
dent that the extremity of the vector [2 
has a locus following the path of a semi- 
circle as in an ordinary induction motor. 
Equation 5 shows that the vector Iy 
also has a circle locus. From equations 
1 and 2, it is evident that the impedance 
offered to J, and Jy, are the same, and 
therefore, these currents must lag their 
respective voltages by the same angle, 
therefore the angle 6.=0,. The maxi- 
mum value of J; (diameter of circle) is 

sslta 
5X: a+ AP AW 
value of J, is obtained at 100 per cent 
power factor of the secondary or at syn- 

En 
R:+R AW : 

The current J; produces torque in the 
direction of rotation (positive) while the 
current J; produces a negative torque. 


equal to and the maximum 


chronous speed and is equal to 


The positive torque = Kd» cos 0 
The negative torque = Kgl cos 0, 


In these equations, ¢=flux. It is as- 
sumed to be constant in magnitude, and 
that all of it cuts the primary winding, 
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the adjusting winding, and the stator 


winding. Since 6:.=6, for this brush 
setting, the total torque is— 


T=Ko(12—In) Cos Ob, (6) 


For a condition of no load (zero developed 
torque) J; and J, are equal and opposite. 
Or in other words, the rotor must slip 
sufficiently to make J, increase to a value 
equal to and opposite to J;. Since the 
brushes are so spaced that Ey, is one-half 
F» at standstill, Z, and Ey will be equal 
and opposite at 50 per cent slip, and the 
no-load speed will be one-half synchro- 
nous speed. If slippage is increased by 
further reduction of speed (loading), 
Ig becomes larger, Jy, smaller, and a 
positive torque will result. This is 
motor action and it occurs at a speed less 
than no-load speed. If now the machine 
is driven at some speed slightly above its 
no-load speed, J2 will be reduced, and Jy 
increased. Under these conditions, the 
torque produced by Jy, becomes higher 
than that produced by J, and the total 
torque is negative. This condition re- 
sults in generator action. Thus with 
this machine generator action can be 
obtained at any speed within its speed 
range. These principles are illustrated 
further in figure 4. 

Primary current for different condi- 
tions of load can be determined from the 
secondary currents and from the no-load 
exciting current in a manner similar to 
that used for the ordinary two-element 
induction motor. However, special con- 
sideration must be given to the turn ratios 
for the particular motor. Any turn ratio 
involving the adjusting winding is a 
function of speed adjustment (brush 
setting). 

The effect of the secondary currents on 
the current taken by the primary can 
be explained from the diagram of figure 
5a. This diagram shows the locus of 
the components of secondary current 
Ip and Jy, when EF, and Ey, are 180 degrees 
out of phase and the machine is adjusted 
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Figure 5. Currents 


(a)—OF secondary 
reflectedtothe 
primary 
(b)—Taken by 
NO LOAD ; 
Se primary at no load 
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at a no-load speed corresponding to ap- 
proximately 50 per cent slip or one-half 
synchronous speed. The current Jy 
flowing in the stator and through the 
adjusting winding will cause a current 
to flow in the primary of sufficient mag- 
nitude and direction so as to neutralize 


the flux produced by J2. This component 
of the primary current is —— where 
ita 


i%eq is equal to the ratio of the number of 
turns on the primary to the difference of 
the number of turns on the stator, and 
the number of turns in the adjusting wind- 
ing that are placed in the secondary cir- 
cuit by this particular brush setting, 


OF i%q= —. The current J; passing 


2a 
through both the stator and the adjusting 
winding will produce fluxes in these two 
windings that are opposite in direction 
with respect to the primary circuit. 
The component of the primary current 
that neutralizes the magnetizing effect 
of J; is therefore a vector that has its 
extremity defined by the path of the 


—TI, 


circle shown in figure 5a. 


iT 2a 
Likewise, the current Jj, will cause a 
component in the primary current which 
by the same reasoning as above must be 


Figure 6. Circle diagram of primary current 
for brush setting corresponding to 50 per cent 
synchronous speed 


Vi 
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180 degrees out of phase with J;. The 
magnitude of this primary component is 


. “, and is defined by a current locus 
1° 2a 


which is the path of another circle— 
figure 5a. If these two components of 
the primary current are now added 


vectorially, their sum would be a as 


rah 2a 
and the locus of this resulting current 
could be represented by another circle 
the diameter of which is ab=~/ 0a?--0b?. 
When the machine is running at no load 
the sum of these currents becomes zero. 
If the machine is operated at synchronous 
speed, the sum of these currents becomes 
oa. A resultant current below the line 
bo indicates generator action—a resultant 
current above this line, which has a 
component in the direction of the pri- 
mary impressed voltage V;,indicates motor 
action. The locus of motor currents 
and generator currents is defined by this 
circle boa. This circle however does not 
show the total primary current because 
of no-load losses and the requirements 
of an exciting current. Figure 5b shows 
the no-load loss and exciting components 
of primary current with respect to the 
impressed voltage V;. The total pri- 
mary current J; can now be obtained by 
adding the current defined by the circle 
locus aob of figure 5a to the no-load cur- 
rent shown in figure 5b. This con- 
struction results in a diagram, figure 6, 
which shows the relation of the primary 
current to the primary impressed voltage 
for different load conditions when brushes 
are set to reduce speed, to approximately 
50 per cent of synchronous speed (,,~2.= 
2Fu). 


Operation Above 
Synchronous Speed 


The speed of this motor can be raised 
to a value above synchronous speed by 


Figure 7. Current loci of secondary currents— 
brushes set for approximately 150 per cent 
synchronous speed 
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(a)—Secondary currents reflected to primary 


. (b)—Primary currents at no load 


(a) 


reversing the potential Ey, applied to the 
stator winding. This is done by trans- 
posing brush positions, i.e., in figure 2, 
brush 6 would be moved to the position 
of brush a, and brush a to the position 
of brush b. By reversing the direction 
of the voltage E;, applied to the stator, 
the current Jj; will have a positive torque 
and tend to drive the motor at a high 
speed. For speeds above synchronous 
Fy also reverses (since the flux reverses 
its direction of rotation relative to the 
stator), and J, now produces a negative 
torque tending to bring the motor back 
to synchronous speed. The vector dia- 
gram for this condition is shown in 
figure 7. It will be noted that both 
voltages are reversed with respect to 
the primary voltage V; from their posi- 
tion of figure 5a. 

The current J; flowing in the adjust- 
ing winding and stator will cause a 


1 
where 


primary current component 
"2a 
ifoq 18 the ratio of the number of turns on 
the primary to the sum of the number on 
the stator and the adjusting winding be- 
tween brushes. For this speed adjust- 
ment, the fluxes produced by the stator 
and adjusting winding are in the same 
direction with respect to the primary. 
Likewise, J; will cause a primary current 


I; 
Componente. 
hoa 


When these currents of figure 7 are re- 
flected to the primary circuit, with due 
regard to turn ratios, they provide a por- 
tion of the total primary current vector 
diagram shown in figure 8a. The total 
primary current resulting from the second- 
ary currents in the adjusting winding, 
and the stator winding is the vector sum 
of the currents defined by the two current 
loci. Their vector sum is another current 
locus J, which is defined by another 
circle oac. The complete vector diagram 
for the primary supply can now be ob- 
tained by superimposing the vectors of 


832 TRANSACTIONS 


figure 8a on those of the no-load diagram 
of figure 8b. This complete diagram is 
shown in figure 9. 

It will be noted that the resultant locus 
of the primary current of figure 9 is moved 
toward the vector V; from its position 
shown in figure 6. With this high-speed 
adjustment and with brushes set to make 
Ey, opposite to Ey, the power factor of the 
motor can be made quite high at large 
loads, and the maximum power that the 
motor can develop is much higher than 
that of the low-speed adjustment de- 
scribed previously. This is indicated by 
the maximum power component of the 
primary current of figure 9 as compared 
with that of figure 6. 


Experimental Check on Theory 


In order to more fully verify the theory 
of the motor advanced thus far, an experi- 
mental check was made on one of these 
motors to see how closely the current 
taken under load followed the current 
predicted by the current loci circles. The 
machine, a General Electric B.T.A., 600— 
1800 rpm, 6 pole, 60 cycles, 4.1-12.5 
horsepower, was first adjusted so that its 
no-load speed was 600 rpm (one-half syn- 
chronous speed). The brushes were set 
by opening the secondary connections at 
the brushes and adjusting the brushes so 
that the voltage across them, /;, was one- 
half the voltage EH, across the open-cir- 
cuited stator coil at standstill. This gives 
only one of the necessary brush adjust- 
ments. The other adjustment for phase 
position of Ey, is obtained by keeping the 
brushes fixed with respect to each other 
and moving thein together on the surface 
of the commutator until the voltage Fy, 
was 180 degrees out of phase with Fp. 
With this setting, the stator coils can now 
be reconnected to the brushes for opera- 
tion at one-half synchronous speed for no 
load. 

The current taken with this brush set- 
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Figure 9. Circle 
diagram of 
primary current 
for approxi- 
mately 150 per 
cent synchronous 

speed 


ting for different values of motor output is 
indicated by the encircled points in figure 
10. The circle which should pass through 
these points can be located by measuring 
the no-load primary current (po), and the 
primary blocked rotor current (pb). 

By erecting a perpendicular to the line 
ob one diameter of the current circle locus 
is established. If the line ob is extended 


to the point f so that gaa the point f 
bf Eu 


will fall on the locus of From points 


1% oa 


o and f the circle zt can be constructed 
2a 

and consequently the point ¢ is located. A 
perpendicular to oe will be another diame- 
ter to the primary current circle locus. 
The intersection of the two diameters 
establishes the center of the circle. The 
accuracy of this circle diagram is revealed 
by the proximity of the points obtained 
experimentally with the current circle 
locus cob. 

To check the theory for higher speeds, 
the brush positions were interchanged so 
that the voltage Ey, between them at 
standstill on open circuit was one-half 
the voltage E, induced in the open-cir- 
cuited secondary and in phase with it. 
This adjustment provided a no-load speed 
of 1,800 rpm (150 per cent synchronous 
speed). 

A current locus circle can be determined 
in the same manner as for the lower speed 
adjustment. This current locus along 
with the experimental points obtained 
by loading are shown for this speed ad- 
justment (150 per cent synchronous 
speed) in figure 11. The circle locus pre- 
dicted on the basis of no-load and short- 
circuit current provides a fair determina- 
tion of the current characteristics of the 
machine. While there appears to be some 
divergence between this circle and the 
true current locus indicated by the curve 
through the encircled points, the actual 
differences as would be indicated on in- 
struments as to power factor, magnitude 
of currents, etc., are small. The diagram 


ELECTRICAL ENGINEERING 


—o—o— LOCUS OF I, FROM TEST DATA 


THEORETICAL LOCUS OF I, 


Figure 10. Theoretical primary current locus compared 
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of figure 11 which displays this difference 
on a standard machine also, with proper 
interpretation reveals that the theory 
thus far developed is sound. However, 
the differences between the theoretical 
circle and the experimental current locus 
can be explained on the basis of the pri- 
mary leakage reactance. 


Effects of Primary Leakage 
Reactance 


In a motor such as described here pro- 
vision is made for two windings on the 
rotor and one on the stator. The neces- 
sary spacing of the primary winding with 
respect to the stator introduces primary 
Jeakage reactance. This reactance pro- 
duces a voltage 90 electrical degrees ahead 
of the current in the primary which sub- 
tracts from the applied voltage in such a 
way that the voltage induced in the pri- 
mary by the mutual flux (mutual to pri- 
mary and to the stator) lags the applied 
voltage, Consequently at speeds above 
synchronism, this mutual flux must in- 
troduce a voltage in the stator winding 
which is ahead of the voltage that would 
be present if there were 100 per cent cou- 
pling between the two windings. The 
angle of lead of this voltage in the stator 
is exactly equal to the angle of lag between 
the total primary back electromotive force 
and the back electromotive force produced 
by the mutual flux. This lead in stator 
voltage will cause the circle with diameter 
oe of figure 11 to swing about the point 0 
in the direction of the rotation of the vec- 
tors with increase in load on the motor. 
Since the leakage between the two rotor 
windings (primary and adjusting winding) 
js small, there is little shift of the circle of 
due to primary leakage fluxes. 
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It has been found experimentally that 
the true primary current locus represented 
by the points shown in figure 11 can be 
predicted from no-load data of three sets 
of measurements taken on the motor. 
These determinations are, as follows: 


1. The no-load input current and watts. 


2. The standstill input current and watts 
at reduced voltage. 


3. The input current and watts on reduced 
voltage with the machine running. 


The first and second determinations 
above are made in the customary manner. 
The third determination can be made by 
applying a reduced voltage to the primary 
sufficient to rotate the machine at no load 
at a speed somewhere intermediate be- 
tween its no-load speed and standstill. 
A speed of approximately 50 per cent of 
no-load speed provides fair accuracy in 
construction of the circle. 

From the data of the three above items, 


PREDICTED 
LOCUS OF J]; 
FROM NO- 
LOAD TEST. 


LOCUS OF I, 


FROM LOAD _ \ 
a! 


TEST 


Figure 12. Comparison of 
primary current locus obtained 
from no-load tests with the true 
locus obtained by loading 
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THEORETICAL LOCUS OF I, 
NEGLECTINC PRIMARY IMPEDANCE 


it is possible to calculate the current, 
power factor, etc., for normal voltage. 
From these three values of primary cur- 
rent and their respective power factors, 
it is possible to construct the circle locus 
of the primary current previously de- 
veloped, and also to locate it in accordance 
with the shift created by the primary 
leakage reactance. This more accurate 
determination of the primary current lo- 
cus is shown in figure 12. The current 
PO is the no-load current, the current PS 
is the standstill current for normal volt- 
age determined from data taken at re- 
duced voltage, and the current PR is a 
current that the motor would take when 
running on normal voltage under some 
load. This current PR is determined for 
a running condition at reduced voltage. 
The center of the circle of figure 12 can 
be found by erecting perpendiculars to the 
chords RS and OR. Once this center Cis 
located a circle can be drawn through the 
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Theory of the Brush-Shifting A-C 
Motor —Il 


A. G. CONRAD 


MEMBER AIEE 


Synopsis: In the preceding paper! of this 
series, a simple theory underiying the circle 
diagram of the brush-shifting a-c motor was 
presented. It is the purpose of this paper 
to advance this theory, and to show how it 
can be used to determine such quantities 
as efficiency, current, torque, and speed for 
different conditions of operation. The pro- 
cedures outlined and explained have been 
checked experimentally, and found to be 
accurate for both high-speed and low-speed 
adjustments. 


HERE is an infinite number of 

possible brush settings that can 
be made on the brush-shifting a-c motor. 
It is possible to move the brushes so as 
to change the magnitude or phase posi- 
tion, or both magnitude and phase 
position of the voltage collected from the 
commutator. Such movements can be 
used to change speed, or the power factor 
or both speed and power factor. Any 
change in brush setting will materially 
change the circle diagram proportions. 
Therefore, any circle diagram for this 
motor is useful only in determining the 
characteristics of the machine for one 
brush setting. However, an under- 
standing of the use of the circle diagram 


F. ZWEIG 


ENROLLED STUDENT AIEE 


J. G. CLARKE 


ASSOCIATE AIEE 


for a particular setting of the brushes will 
be most helpful in obtaining a general 
understanding of the operation of the 
machine for other settings. Therefore, 
the diagrams used for a basis of explana- 
tion will be those corresponding to the 
settings described in Part I, i.e., when 
the machine is operated at 50 per cent of 
synchronous speed with the two secondary 
voltages in direct opposition, and when 
operated at 150 per cent of synchronous 
speed with the two secondary voltages 
in direct opposition. Characteristic 
circle diagrams for these brush settings 
are shown in the upper portion of figure 3. 


Determination of the Circle Diagram 


The circle diagram can be determined 
from three sets of readings taken at no 


Paper 41-87, recommended by the AIEE com- 
mittee on electrical machinery, and presented at 
the AIEE North Eastern District meeting, Roches- 
ter, N. Y., April 30-May 2, 1941. Manuscript 
submitted November 16, 1940; made available for 
preprinting March 7, 1941. 
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load. These determinations are as fol- 
lows: 

(a). No-load input current and watts at 
normal voltage 

(b). The standstill input current and watts 
at reduced voltage 

(c). The no-load input current and watts 
at reduced voltage with the machine run- 
ning at some speed between no-load speed 
and standstill 

From the data of these three sets of 
readings, the circle diagram of figure 1 
can be constructed. This diagram is 
characteristic of the machine for speed 
adjustments below synchronous speed. 
The line po shows the no-load current 
and its direction with respect to the 
impressed voltage V;. It is obtained 
from determination (a) above. The 
standstill current J,, for normal applied 
voltage is represented in magnitude and 
direction by the line pb. It is obtained 
from determination (>). A third point, 
x, on the circle is located from determi- 
nation (c). This point is obtained from 
conversions made on data taken with 
reduced voltage. Having the points, 
o, x, and b oni the circle, it is possible by 
erecting perpendiculars to two of its 
chords to locate the center r. Using or 
as a radius, the circle locus of the primary 
current oxb can be located. 


Determination of Characteristics 
From the Circle Diagram 


Having established the currents po 
and pb in magnitude and direction with 
respect to the vector V;, the lines pe and 


points O, R, and S which very accurately 
predicts the primary current locus with 
respect to the impressed voltage. The 
accuracy of this method of determining 
this locus is evident from the proximity of 
the locus of the points determining the 
true locus obtained experimentally. 

The theory presented here has been 
verified through experimental data. It is 
assumed to be fundamentally sound. An 
advancement of this theory for use in the 
analysis of the losses, slip, efficiencies, and 
power factor correction has been made, 
but falls without the scope of this paper. 
These advancements will be presented in 
a later publication. 


List of Symbols 


E,—Voltage induced in one phase of 
stator 

E\,,—Voltage generated in adjusting 
winding between brushes supplying 
one phase of stator 
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J,—Current flowing in stator and ad- 
justing winding resulting from the 
voltage FE» 

J;;—Current flowing in stator and ad- 
justing winding resulting from the 
voltage Fu; 

Iss—Standstill primary current 

R:—Resistance of stator per phase 

Raw—Resistance of adjusting winding 
per phase 

X2—Reactance of stator per phase 

X 4w—Reactance of adjusting winding 
per phase 

S—Per cent slip 

ss#2—Stator voltage at standstill (in- 
duced) 
ss 2—Stator reactance at standstill 
ssX aw—Adjusting winding reactance at 
standstill 

6:—Angle of lag between EH, and J, 
electrical degrees 

$1:—Angle of lag between Ey and I, 
electrical degrees 

6—Angle of lag or lead between pri- 


Conrad, Zweig, Clarke—Brush Shifting A-C Motor--II 


mary phase voltage and primary 
phase current 
¢—Total flux produced by primary 
windings 
K—Torque constant of the motor 
T—Torque developed (synchronous 
watts) 
12a Ratio of the number of turns on 
the primary to the effective num- 
ber of turns on the secondary and 
adjusting winding 
N,—Number of primary turns 
Nqg—Effective number of secondary 
turns per phase included in stator 
and adjusting winding circuit. 
This quantity is a function of 
speed adjustment as well as power 
factor adjustment 
Vi—Primary impressed voltage per 
phase 
I,—Primary current per phase 
I.,—Exciting current in primary cir- 
cuit per phase 
eal;—Component of primary current 
flowing as a result of the currents 
in stator and adjusting winding 
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Figure 1. 


oc can now be constructed perpendicular 
to V, and the line be perpendicular to pe. 
The power supplied to the motor at stand- 
still per phase is the current be multiplied 
by the voltage V;. The current ce 
multiplied by the voltage V; is the per 
phase iron loss of the rotor, the friction 
and windage losses, and a small amount 
of iron loss in the stator. By measure- 
ments of primary resistance, the primary 
copper losses per phase can be calculated 
for the normal short-circuit current. 
This loss is represented by the current 
cm. The loss in the adjusting winding 
and in the stator per phase for standstill 
conditions is (bm) V,. 

The copper losses can be estimated 
for any value of primary current in a 
mannersomewhat similiar to that normally 
used with the ordinary induction motor. 
Thus for an input current of pf, it is 
assumed that the no-load current is one 
component and the loss associated with 
it, (ce)Vi, is constant regardless of the 
magnitude of the load. The other 
component of the primary current ff is 
of, and the losses associated with this 
component can be determined by the 
relations— 


of 2 
Loss for current of =loss for 0b 5 
0 


Another method of determining the 
copper loss for the current pf is to erect 
a perpendicular bn from the point b to 
the diameter of the circle, and another 
perpendicular fg to the same diameter. 
The copper losses associated with the 
current of are expressed as— 


V, watts per 
phase 


(bc) (sg) 
Loss for current of = es 


Having determined the total loss for this 
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The circle diagram for the low-speed adjustment 


current of in terms of a current in phase 
with the voltage, this loss caused by the 
current of can now be laid off on a line 
fh drawn from f perpendicular to oc. In 
figure 1, it is labeled Aj. Similarly, the 
total copper losses can be determined 
for other values of input current. Thus 
for an input current of pfi, the total 
copper loss is Ayj;. By successive deter- 
minations of losses, the curve ojb can be 
constructed to show the change in copper 
losses with different values of input 


current. If each of the distances jh, 
: ae jk jiki bm 

h divided so that —=——=— a 
Ji are divided so a kh Bhs ie 


new curve okm can be constructed so 
that the distance h,k, shows the variation 
in primary copper loss, and ,j; shows 
the variation in secondary (adjusting 
winding and stator) copper losses for 
different values of primary current. 

The variables for the motor can now 
be determined for any value of input 
current J;. 

(1). Input = (ft) Vi watts per phase 

(2). Output = (jf) Vi watts per phase 

(3). Iron loss, friction, and windage= 
(ht) V, watts per phase 

(4). Primary copper loss=(hk)V, 
per phase 

(5). Copper losses of stator and adjusting 
winding = (jk) Vi watts per phase 


watts 


(6). piiciency=(“/) 100 per cent 


ik 
(7). sip=(#) 100 per cent of no-load 
speed 
jk\ 
(8). Speed= ae, times the no-load 


speed 

(9). Torque=(kf)Vi synchronous watts 
per phase 

For speeds above synchronism, a 


similar treatment can be applied. Figure 
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Figure 2. The circle diagram for the high- 
speed adjustment 


2 shows the circle diagram for the same 
motor as that of figure 1, except the speed 
is adjusted to approximately 150 per cent 
of synchronous speed. The standstill 
current J,, for normal voltage is much 
larger, and maximum power output much 
greater. The circle is located from the 
three sets of no-load determinations de- 
scribed previously. The essential differ- 
ence of this diagram as compared with 
that of figure 1 is the shape of the curves 
showing copper losses for different primary 
currents. The system of notations on 
figure 1 has been maintained in figure 2, 
so that the explanation of the use of 
figure 1 will suffice for the explanation 
of the use of figure 2. 


Experimental Check on the Theories 
of the Circle Diagram 


In order to check the validity of the 
theory thus far developed, tests were 
made on a General Electric B.T.A. 
550-1,650-rpm, 4.17-12.5-horsepower, 6- 
pole, 60-cycle brush-shifting motor. The 
brushes were set by making the brush 
voltage Ey, at standstill equal approxi- 
mately one-half the voltage ,,/) in the 
stator coil to which they were connected. 
Care was taken to make these voltages 
opposite in direction. With this setting, 
the no-load tests described above under 
the headings (a), (b), and (c) were made 
to determine the circle locus of the 
primary current. The machine was 
then loaded and readings of speed, 
torque, current, watts, and volts were 
obtained for different values of output. 
The primary resistance was determined 
by measuring the resistance of the pri- 
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mary winding with direct current. From 
the no-load tests the circle diagram of 
the machine was constructed, and the 
characteristics determined from its pro- 
portions. The theoretical diagram for 
this machine with this low-speed setting 
is shown in figure 1. 

A second experimental check was made 
with the brushes set to provide a speed 
of approximately 150 per cent of the 
synchronous speed. This can be done 
by making the voltage E,, across the 
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Figure 3. Comparison of the theoretical char- 

acteristics taken from the circle diagram with 

the actual characteristics obtained by tests for 

no-load speeds, approximately 50 per cent of 

synchronous speed, and 150 per cent syn- 
chronous speed 


brushes at standstill equal to one-half 
the stator voltage ,,f, of the stator coil 
to which they are normally connected. 
In addition to this, these two voltages 
should be in time phase with each other 
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at standstill to provide proper running 
speed. No-load determinations similar 
to those described above were made and 
the circle locus of the primary current 
established for this speed adjustment. 
From this circle diagram, the character- 
istics of the motor were calculated. 
The machine was then loaded, and the 
characteristics again determined experi- 
mentally. The circle diagram for this 
higher speed adjustment is shown in 
figure 2. 

A comparison of the theoretical char- 
acteristics with actual characteristics of 
the motor are shown in figure 3. The 
solid lines indicate the characteristics 
obtained by use of the circle diagram— 
the dotted lines indicate the character- 
istics obtained experimentally. 


Conclusions 


The proximity of the curves obtained 
from measurements made on the circle 
diagram to those obtained by the load 
test, indicates that the circle diagram 
developed and explained in this series of 
papers can be used to determine the 
operating characteristics of the brush- 
shifting motor accurately. While the 
circle diagrams of the motor have been 
shown and checked for only two speed 
adjustments, the explanation of the 
theory of the use of these diagrams can 
be applied to other diagrams constructed 
for different speed adjustment on the 
motor. A large portion of the theory 
thus far developed is directly applicable 
to the explanation of conditions with- 
in the motor when it is adjusted for power 
factor corrections; however, this is 
beyond the scope of this paper, and will 
be presented in another publication. 


Symbols 


V,—Primary impressed voltage per phase 
Z;s—Standstill primary current 
J;—Primary current per phase 

ssE.— Voltage induced in stator at stand- 


still 
E\,—Voltage generated in adjusting wind- 
ing 
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The Derermination of Magnitude and 
Phase Angle of Electrical Quantities 


ERIC A. WALKER 


MEMBER AIEE 


Although the three-voltmeter 
method for measuring the relative magni- 
tude and phase angle of two voltages or 
currents is well known, the use of vacuum 
which: draw negligible 
amounts of energy from the circuit, permits 
the use of the method for purposes which 


_ previously have not been considered. A 


further improvement of the scheme by bal- 
ancing out one component of either voltage 
or current adds to the accuracy of the re- 
sults. The method is considered for two 
purposes, namely: the measurement of the 
capacitance and power factor of imperfect 
condensers, and the measurement of the 
ratio and phase angle of current transform- 
ers. 


Purpose 


HERE are two well-known methods 

by which the constants of an un- 
known impedance may be determined. 
They are by balancing networks or 
bridges, of which there are many types,! 
or by the use of a wattmeter, voltmeter, 
and ammeter. Both methods are used 
successfully for a wide variety of imped- 
ances, even to the determination of the 
capacitance and power factor of cables 
and high-voltage bushings.*:*4 

There are also two principal methods 
by which the relative magnitudes of two 
voltages or two currents and the phase 
angle between them may be determined. 
They are by the use of an a-c potentiome- 
ter of the Tinsley-Drysdale type,* or by 
use of a modified bridge method.* 

A third method for determining the 
magnitude and angle of an impedance, 
voltage, or current is known as the three- 
voltage, or three-voltmeter method.’ 
The method has been known for a long 
time but it has been less widely used 
than the methods mentioned previously 
because of its supposed inaccuracy. For 
determining voltages, the method con- 
sists of measuring the two unknowns 
separately and then measuring their sum 
or difference. The scheme is inaccurate 
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if the circuit on which the voltages are 
impressed is composed of high-impedance 
elements, and the instruments draw suf- 
ficient current to disturb the vector rela- 
tions in the circuit However the de- 
velopment of vacuum tube voltmeters 
and amplifiers, which draw little or no 
power from the circuit and thus have 
negligible effect on circuit conditions, 
makes a re-examination of the method 
desirable. 

This re-examination is made more 
important because there are cases when 
an unavoidable variation in the circuit 
parameters occurs during the test, mak- 
ing it very difficult to obtain a balance 
on a bridge. Furthermore there are 
cases, such as in the testing of current 
transformers, when it becomes necessary 
to design circuit elements to carry large 
currents. Then inductances become un- 
desirable because of the magnetic fields 
which are produced and capacitors for 
large currents soon become unwieldy 
and expensive. 


The Modified Three-Voltmeter 
Method 


If one has two alternating voltages of 
the same frequency it is possible to deter- 
mine their magnitudes and the phase 
angle between them by three-voltage 
measurements and a graphical or trigono- 
metrical analysis. Figure la shows two 
voltages across two impedances on which 
three-voltage measurements can be made 
because of the common connection. In 
figure 1b E, is drawn along the real axis. 
Then arcs equal in length to £, and F3 
are drawn from the ends of /, and the 
phase angle @ is determined. If the 


(8) 
The three-voltage method for de- 


Figure 1. 
termining the magnitude and phase angle of 
two voltages 
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measuring instruments do not disturb 
the distribution of voltage in the circuit 
the accuracy is limited only by the ac- 
curacy of the instruments and the per- 
sonal error of the operator. 

One difficulty is present if the two 
voltages H,; and EF, are nearly in phase 
and equal in magnitude for then a small 
error in the determination of either of 
them may result in recording three volt- 
ages which will not form a closed triangle. 
Such an error can be avoided by a pro- 
cedure which balances out one component 
of a voltage in a manner which will now 
be explained. In figure 2a the circuit of 
figure la is shown with an added element. 
To the voltage E, a voltage E,’ is added 
which is variable in magnitude and 180 
degrees out of phase with E,. (This re- 
quires a transformer with exactly 180 


Figure 2. The method of balancing out one 
component of a voltage vector to determine 
the phase angle 


degrees phase shift, a limitation which 
will be discussed later in this article.) 
Figure 2b shows the voltage relations 
in this circuit. It is evident that when 
the voltage H; is a minimum the phase 
angle between F,; and Fp» is: 
é=sin7* = 

2 
Therefore it is only necessary to deter- 
mine these two voltages in order to find 
the phase angle. For very small angles a 
further approximation can be made: 


A 3 
?=sin” > — tan 


Fy E 


E; 
6(radians) ~— 
a) 


These formulas are useful in studying the 
defect angle of condensers or of current 
transformers. 
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Figure 3. Circuit and vector relations for de- 
termining the defect angle of an imperfect 
condenser 


Although this method has been dis- 
cussed for voltages it is obvious that the 
vector relationship is applicable also to 
currents. Either the currents themselves 
can be measured or the voltage drop 
across resistors which are sufficiently 
small so that they do not appreciably af- 
fect the circuit. 


Testing Condensers by the 
Measurement of Two Currents 


In figure 3 a circuit is shown for meas- 
uring the power factor and capacitance 
of imperfect condensers. In this circuit 
the transformer has a 5,000-volt winding 
and a 100-volt winding, both shielded. 
The phase angle between the voltages of 
the two windings should be as small as 
possible. The imperfect condenser is 
connected to the high-voltage winding 
and a leading current flows through the 
detector D as is shown in figure 3a. 
This current leads the voltage by an 
angle @ and the condenser is said to have a 
defect angle 6, where 6 = 90 degrees — 0. 
The defect angle is determined by closing 
switch S and varying the air condenser 
C until a minimum current is reached. 
This is 
In=Ht+h, 

Then 
6=sin7! 2 6(radians) ~ 2 


Typical readings made on a high-volt- 
age bushing are as follows: 


I2=1,120 microamperes at 5 kv and 60 
cycles per second 


Ip=60 microamperes at 5 ky and 60 cycles 
per second 


60 : 
= —— =().0535 radian 


1,120 
1,120-10-* ; , 

C,= 5000-377 =6594 micromicrofarads 
(approximately) 
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These measurements were checked on a 
Schering bridge. Although power fac- 
tors which are too low to measure by this 
method can still be determined by a 
Schering bridge, this system showed one 
important advantage in the measure- 
ment of the power factor of wet oil. 
With the bridge the power factor of the 
oil changed too rapidly for a successful 
reading to be made, but with this circuit 
the variation could be followed without 
much difficulty because as J, changes 
there is no appreciable variation in the 
out-of-phase component of J; and the 
power factor is approximately propor- 
tional to J. 

This circuit is also useful in making 
tests where corona may be present at 
higher voltages. The circuit can be 
balanced at a low voltage and as the 
voltage is increased the current Jz should 
increase in direct proportion. Any sud- 
den increase indicates a departure from 
linearity in the condenser being tested. 

It is important to notice that the 
calibration of the air condenser Cg, does 
not enter into the result. The only re- 
quirements are that the voltages EF, and 
FE, must be in phase and that the imped- 
ance of the detector be sufficiently low so 
that the phase angle is not affected. 
Both of these effects can be checked by 
placing an air condenser at C, with a 
known resistance in series to give a 
known power factor. For a detector it is 
possible to use a rectifier type microam- 
meter or, for lower impedance, a non- 
inductive resistance with an amplifier 
and vacuum tube voltmeter can be used. 
A filter in the amplifier circuit to suppress 
all harmonics increases the accuracy of the 
results. 

It must be noted that the capacitance 
of balancing condenser Cy must be larger 
than C, by the ratio of EF, to Ey. At 
times this makes it desirable to add fixed 
low-loss mica condensers in parallel with 
Cg to extend the range. The power fac- 
tor of these condensers should be less than 
one per cent of the condenser being tested. 

This circuit has been found very useful 
for measuring the defect angles of cables, 
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Figure 4. Circuit for determining the phase angle of a current transformer 


bushings, and other impedances having 
defect angles from 0.005 to 0.1 radian. 
It is desirable to shield the device to 
keep stray currents out of the meter. 


Application to Current- 
Transformer Testing 


At present two methods are used for 
testing current transformers: the mu- 
tual inductance bridge method, and the 
“Silsbee’’ or comparative method. The 
first requires one or two calibrated mu- 
tual inductances, and the second requires 
a transformer similar to the one being 
tested but with a known ratio and phase 
angle. An arrangement requiring neither 
of these is shown in figure 4. In this 
circuit R, and R», are decade boxes, and 
Z is the burden with which it is desired 
to test the transformer. The resistance 
R; should be sufficiently large so that it 
diverts a negligible amount of current 
from R;. A ratio of 10,000 to 1 or higher 
is usually used. The vacuum tube volt- 
meter consists of a three-stage, resistance- 
coupled, amplifier with 70 decibels gain 
and an input resistance of about one 
megohm., Readings are taken on a recti- 
fier-type microammeter in the output 
circuit of the amplifier. With the method 
described here, a calibration of the 
amplifier-voltmeter combination is not 
necessary. Greater accuracy can be 
attained by inserting a 60-cycle band pass 
filter in the amplifier to eliminate any 
harmonic voltages from the voltmeter 
reading. 

The method of making the test is as 
follows: the input terminals of the 
meter (terminals 4 and 5) are connected 
to points 2 and 3, and tap of R, is ad- 
justed until full scale is indicated on the 
output meter. This value of Ry, is 
recorded as Ry’. Next the meter input is 
connected to points 1 and 2, and with Ry 
unchanged the tap on R; is adjusted 
until full-scale deflection is obtained on 
the voltmeter. Call this setting on Rs, 
R;’. Then: 


R 
Ex, =TR, a 


3 


Ex; = Ex» Eo = InR 
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‘ransformer ratio=— =—-— 
: Tey Rs! 


e next step is to connect the input ter- 
minals of the meter to points 1 and 3. 
ae reading should be much less than 
€ previous ones. If it is not the polar- 
ity of the secondary winding must be 
reversed. The tap on R, is now changed 
until full-scale deflection is obtained 
once more. This setting on Ry, is recorded 
as R,”. One now has: 


’ R,” 


: R,’ 
6(radians) =R (approximately) 


A typical set of readings are: 


Rated primary current—50 amperes 

‘Rated secondary current—5.0 amperes 
(nominal) 

R: =0.10 ohm 

R, =10,000 ohms 

R,” =10,000 ohms 


R, =0.01 ohm 
Rs =10,000 ohms 
R;' =999.0 ohms 


R,’ =14.0 ohms 
0.1 10,000 
Rane —=—— =], 
Scape 


6(radians) = ——— = 0. 
0 radian 


6=28.8 seconds 


It is important to understand that the 
general method is not limited to the two 
cases cited. These are two illustrative 
examples where the method has proved 
of value and other examples can be 
found. The measurement of the volt- 
age relations along an artificial transmis- 
sion line or the measurement of the 
phase relations in resonant circuits 
might be mentioned. 
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Ampere-Squared-Second Recorder 


T. A. RICH 


ASSOCIATE AIEE 


Synopsis: A device is described which 
records the ampere-squared seconds in an 
electrical impulse of less than 0.5-second 
duration. A number of these have been 
used in resistance-welding applications to 
monitor the electrical variables and have 
contributed greatly to the uniformity of 
welds. The problem of indicating 1/¢- 
second impulses at the rate of 100 a minute 
with the same device that will correctly 
integrate a half-second impulse has been 
solved by the use of a moving element with 
an infinitely long natural period, combined 
with a supplementary circuit which returns 
the element to the starting position in a 
fraction of a second. 


Introduction 


N resistance welding, it is necessary 

to control many variables to get 
optimum results. The control of the 
surface conditions of the material being 
welded, the size and shape of the elec- 
trodes, and the pressure between elec- 
trodes are mechanical and metallurgical 
problems. The control of the energy 
used in welding is a combined electrical, 
mechanical, and metallurgical problem. 
The electrical energy which produces the 
heat is a function of the square of the 
current, the time of application, and the 
resistance. The resistance at the weld 
will depend upon mechanical and metal- 
lurgical conditions which themselves 
must be subjected to careful control. 
It is logical then to measure as an elec- 
trical entity only those conditions which 
are responsive to electrical control, 
namely current and time or f7°dt. The 
usual welding circuit is highly reactive 
and the resistance of the material being 
welded has but little effect on the cur- 
rent, and therefore the ampere-squared 
seconds are not greatly influenced by vari- 
ables which should be controlled by non- 
electrical means. 

An ampere-squared-second 
should: 


recorder 


1. Give a record for each weld. 
2. Operate over the range of currents and 
time used in resistance-welding operations, 
and be adjustable to indicate 100 per cent 
for any specified value of /77dt. 
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3. Not limit the speed of welding. 

4. Give an alarm when specified limits are 
exceeded. ' 

5. Stand extreme overloads. 


With such a device, the supervisor can 
adjust the sensitivity of the recorder to 
read 100 per cent for the correct electrical 
conditions for a given welding job. 
The operator then works in the usual 
way, and the device makes a record for 
each weld. If the electrical conditions 
change appreciably for any subsequent 
weld, an alarm is given, and, in some ap- 
plications, the welding control is auto- 
matically locked. 

The currents and times used in resist- 
ance-welding operations vary over a wide 
range, but by the use of transformers, 
any desired fraction of the current and 
therefore of the ampere-squared seconds 
in the circuit can be applied to the am- 
pere-squared-second recorder. The most 
usual range of time is from '/¢ to 1/2 
second, or from 1 to 30 cycles with a 60- 
cycle-per-second source. The rate of 
welding may be as high as 100 per min- 
ute on welds of a few cycles duration. 

A conventional a-c ammeter can be 
used to indicate ampere-squared seconds 
if the duration of the impulse is short in 
comparison with the natural period of 
the instrument. If the moving element 
starts from rest, the maximum throw is 
directly proportional to ampere-squared 
seconds. Before the next impulse can 
be applied, the instrument must have 
come to rest again. For accurate work, 
the natural period should be ten or more 
times as long as the length of the longest 
impulse to be measured. When the 
longest impulse is 0.5 second, this would 
require a natural period of 5 seconds and 
the rate of welding on the shorter im- 
pulses would be less than 12 per minute. 


Principles of a Suitable Mechanism 


The arrangement finally developed is 
somewhat similar in operation to the 
Grassot fluxmeter. Instead of a mecha- 
nism for producing kinetic energy from 
the impulse and then converting to po- 
tential energy, as is done in ballistic 
measurements, a mechanism is used 
which produces an angular velocity pro- 
portional to the current squared which is 
maintained for the duration of the im- 
pulse. 
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Moving element for ampere- 
squared-second recorder 


Figure 1. 


The moving element consists of two 
separate iron-vane ammeter elements, 
an eddy-current damping vane, and a 
pointer, all on the same shaft, as in figure 
1. One ammeter element produces clock- 
wise rotation due to the impulse and the 
other counter-clockwise rotation from a 
separate source to return the element to 
the starting position. The deflecting 
element is at the bottom and the return 
element at the top in figure 1. The ele- 
ment can also be seen in position in 
figure 2. 

If there were no physical limitations, 
the element would be made with no 
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inertia, no spring torque, and no friction. 
Under these idealized conditions and 
with the element at rest, the torque ap- 
plied when one ammeter element is ener- 
gized is proportional to the current 
squared. The moving element instantly 
takes on a velocity such that the damping 
torque is equal to the applied torque. 
Since the damping torque is directly 
proportional to the angular velocity, 
it follows that angular velocity is pro- 
portional to the current squared. Under 
this condition of no inertia, the element 
will stop instantly when the impulse 
stops. The angular displacement then 
is proportional to the integral of 77dt. 

When inertia is present, the element 
will neither start nor stop instantly. 
In the appendix, it is shown that the 
angular displacement from a point of 
rest to a final rest position is independent 
of the inertia. In the derivation, fric- 
tion is neglected because in a practical 
design the actuating torques will be large 
in comparison with friction torques. 

The equations show that the deflection 
is proportional to f7%dt when: (1) the 
electrical torque is proportional to the 
square of the current and independent 
of the angular position, and (2) the damp- 
ing is proportional to velocity. In the 
recorder described, the damping is pro- 


Figure 2. Side view 
of ampere-squared- 
second recorder with 

case off 


Rich—Ampere-Squared-Second Recorder 


Complete ampere-squared-second 
recorder 


Figure 3. 


portional to velocity, but neither of the 
other conditions are strictly met. The 
overall results, however, are such as to 
obtain substantially linear response with 


S ids. 
Auxiliary Devices 


The basic element described needs the 
addition of a recording and alarm mecha- 
nism and a device to control the se- 
quence of events to make a complete 
instrument. (See figure 3.) 


A. METHOD oF RECORDING 


A record of the maximum deflection 
of the pointer for each impulse is re- 
corded ona strip chart. The chart drive 
is so arranged that the paper moves at a 
uniform speed as long as the welds are 
not spaced more than a few seconds apart. 

A relay-operated print bar brings the 
pointer sharply against the strip chart 
(which is backed up by an inked roller 
ribbon) after the pointer comes to rest. 
This makes a short line on the back of 
the paper. The paper used is thin and 
the record shows through as a series of 
dots, one for each weld. The distance 
of the dot from the starting position is 
directly proportional to ampere-squared 
seconds. Once the record is printed, 
the other ammeter element is energized 
for a fixed time to return the element to 
the starting position. 

The printing bar is carried by the Z- 
shaped member in figure 2._ The printing 
bar is of metal except for an insulated 
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Figure 4. Tracing of an actual record from the 
weld recorder 


Each of the darker dots represents one weld. 
The allowable limits are represented by the 
two parallel rows of light dots at the right. 
Groups 1 through 7 were made with 3 cycles 
current—the current changed as follows: 


1—Current normal 

9—Current reduced 5 per cent 
3—Current reduced 10 per cent 
4—Current reduced 15 per cent 
5— Current normal 

6—Current increased 5 per cent 
7—Current increased 10 per cent 


Groups 8 through 21 were 
made with current and voltage 
to the welder held constant 
and timing changed: 


8—10 cycles ! 

9— 9 cycles fo) 
10— 8 cycles ry 
11— 7 cycles a 
12—10 cycles < 
13—11 cycles | 
14—19 cycles | 
15—13 cycles | 


Figure 5 (right). Schematic 
diagram of sequence unit 
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insert at the point corresponding to 100 
per cent deflection. An alarm is sounded 
if the pointer is not beneath the insulated 
insert when printing occurs. The length 
of the insert is determined by the toler- 
ance allowed in fi%dt. Usual practice 
permits a variation of +15 per cent in the 
ampere-squared seconds. An example of 
the type of record is shown in figure 4, 


B. SEQUENCING UNIT 


The “brain” of the device is a unit 
which knows when to print the maximum 
deflection, when to energize the return 
element, and how long it must be ener- 
gized to come to rest in the starting posi- 
tion. 

The sequence of events is: 


1. The impulse occurs and the pointer 
starts to move. 

2. There is a waiting period while the 
pointer comes to rest. 

3. The printer operates. 

4. The moving element is returned to the 
starting position. 

5. The device is made ready for the next 
impulse. 


The waiting period must start when the 
impulse ends. The length of the waiting 
period depends upon the velocity at the 
end of the impulse, the moment of iner- 
tia of the system, the amount of damp- 
ing, and the accuracy required. 

The greatest velocity will be attained 
for the shortest weld and if the waiting 
period is sufficient for correct indication 
then, it will be more than adequate for 
any longer weld. The relationships used 
in determining the waiting time are 
shown in the appendix. On a one-cycle 
weld, with the recorder in figure 3, the 
pointer deflects approximately 25 per 


PRINTING COIL 
RETURN COIL OF 


DEFLECTING COIL % | 
OF /i?at INDICATOR Pal 


si. 


IMPULSE 
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cent in the sixtieth of a second the im- 
pulse lasts and then coasts to nearly 100 
per cent in the next tenth of a second. 
With the same recorder, it will deflect 
about 95 per cent of the final deflection 
during a 30-cycle weld, and in the next 
tenth of a second be substantially 100 
per cent of final deflection. With the 
element used, a tenth-second wait was 
found adequate. 

Since there is practically no control 
torque on the moving element, it will 
remain in any position it is placed. The 
zero position is determined by a stop, 
but a slight unbalance or shock might 
move the element in time. To provide a 
definite zero position, a small amount of 
magnetic material is attached to the 
damping vane. The damping magnets 
attract this material and hold the pointer 
against the stop. Only a small deflec- 
tion is required to carry the magnetic 
material out of the field of the damping 
magnets. 


Only a short time can be allowed for 
the return of the pointer, so it is necessary 
to accelerate it rapidly. On the other 
hand, if it hits the zero stop with high 
velocity, it will bounce and the return 
element will need to be energized until it 
comes to rest. The return element was 
designed to have high torque when the 
pointer was near full scale and to have the 
torque fall off rapidly as the element ap- 
proached zero position. The return of 
the pointer from any scale position to 
rest at the zero position can be accom- 
plished in 0.15 second. 


A schematic diagram of the unit which 
controls the sequence of events is shown 
in figure 5. Under stand-by conditions, 
vacuum tube 7-10 is conducting and 
relay CR-7 is energized. Tube 7-9 is 
blocked by capacitor C-20 (which is 
charged to approximately 300 volts by 
current passed by 7-9). The grids of 
both tubes are at filament potential. 
When an impulse is received, CR-6 is 
energized which connects the grid bias 
capacitors C-21 and C-22 in parallel with 
C-20. The grid bias capacitors then 
share the charge with the blocking ca- 
pacitor and some current is passed by 
T-9 to again block itself, but this is not 
enough to operate CR-8. No visible 
change occurs except that CR-6 pulls in 
and stays in during the impulse. When 
the impulse ends, CR-6 drops out, con- 
necting the charged bias capacitors across 
each grid. Both tubes are then well 
beyond cutoff and CR-7 drops out. This 
short-circuits the blocking capacitor C-20, 
but 7-9 cannot yet pass current because 
of the high negative grid voltage. The 
charge on C-21 leaks off and 0.1 second 
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after CR-6 opened, 7-9 becomes con- 
ducting pulling in CR-8, which energizes 
the printing relay and CR-9 When CR-9 
pulls in, it operates CR-10 which trans- 
fers power from the print coil to the 
return coil of the recorder. About 0.15 
second after CR-8 operated (or 0.25 
second after CR-6 dropped out) the bias 
of T-10 has leaked off enough to conduct 
and pull in CR-7. This removes the 
short circuit from the blocking capacitor 
C-20 and it charges up and stops the flow 
of current through 7-9 and CR-8. Then 
CR-8, CR-9, and CR-10 drop out and the 
circuit is again ready for another se- 
quence. 


Conclusion 


A considerable number of these record- 
ers have been put in service in the last 
three years. In spite of the apparent 
complexity, the high-speed operation, 
and the rough usage they receive, their 
performance has been satisfactory. While 
the recorder is particularly designed for 
resistance-welding applications, the com- 
bination utilized represents a new meas- 
uring tool that may be valuable in other 
fields. 


Appendix 


Assume system starts at rest when t=0 
(time) and @=O (angular deflection). The 
impulse starts at t=0 and lasts for a second 
(producing a uniform torque) of D dyne- 
centimeter seconds. The torque is e) 

a 
dyne-centimeter. When the system moves 
there will be a counter torque due to in- 


: v6 
ertia ( =) and one due to the damping 


magnets (w i 
dt 


d*6 GH) {0 
J—+N—=— 

de ai a (1) 
Let 

eee 

dt a me 
Shae ==() 
Ndi ie (2) 
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J. pa 
~jn—+t=0 (3) 
wept 
DN pD de 
yt N 4 
p oe a dt (4) 
A pt Naé 
Tiny’ J Hin he (5) 
When 
t=0 0=0 
D ID( =7) 
6=—t———\|l-e J 6 
Na Na : (6) 
de D a7) : 
—=—(1-e J 7 
dieuNa Stes (7) 
At the end of the impulse t=a, 0=h, 
da_(a0) 
dt dt/1 
D iat ene 
o=—(1-—l1i-e J 8 
y al Na wks ) (8) 
d6 D _Na 
ned reas ar Ti 9 
@) Nass os ~ 


The torque due to current ceases at this 
point and letting 


t’=time after impulse stops 
6’=angle traversed after impulse stops 


(10) 


(11) 


(12) 


The deflection at any time (f) after the 
start of the impulse = 


A=6,+6’ 


D U. Sf aA ere) 
A=—(1-— i = 
n\n Ne a ) Os 


(14) 
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Special Case 


In practice a certain deflection A will be 
required for a given /77dt. The impulse 
D obtained from /7?dt, the moment of in- 
ertia J, and the damping constant WN all 
depend upon the design of the moving ele- 
ment and are not independent. Of the 
many possible combinations, it will be 


assumed that J=150, N=6,000, and that 


A=0.4 in the following illustration. 
For an ultimate deflection of 0.4 radian 


D=0.4X6,000 =2,400 dyne-centimeter sec- 
onds 


If the impulse lasts 1 cycle, then a = 0.0167 


second and the deflection at the end of the 
impulse (from 8) 


60 _40 
6,=0.4 rel (iae 60 
40 


=0.107 radian 


From (9) 
de\ _2,400X600.487 _ 
dt }, 6,000 EB 


11.7 radians per second 


If we wait 0.1 second after end of impulse, 
the element will coast 


pret Sere : 
6 ane —e~*) =0.287 radian 


A=6,+ 6’ =0.394 radian 


A. =0.400 radian 


For the one-cycle case a change of 25 
per cent decrease in the assumed wait of 
0.1 second would make 3 per cent difference 
in overshoot or 2.2 per cent change in indi- 
cated value. An increase of 25 per cent 
will cause less change. 


At 30 cycles, a=0.5 second 


2 —20 
apete= 
40 


=0.380 radian 


dé 
— } =0.8 radian 
dt f 


Waiting 0.1 second, the element will coast 


9’ =0:8%0.982 


=0.01 i 
40 0196 radian 


A =0.399 radian 
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requirements of traction service. 


~ Glass-Bulb Mercury-Arc Rectifiers 


for Traction Service 


CHARLES E. WOOLGAR 


MEMBER AIEE 


Synopsis: The paper gives a general survey 
of the ability of glass bulb mercury-arc 
rectifiers to satisfactorily meet the stringent 
The sub- 


ject matter is arranged on the assumption 
that engineers of the United States and 
_ Canada are not familiar with the use of this 
type of equipment for traction work, and 


- 


the author has approached the subject from 
the point of view of an engineer considering 
the merits of different types of conversion 
equipment. 

Major features pertaining directly to glass 
bulbs are discussed such as plant capacity, 
maintenance, efficiency, robustness, etc., 
but no attempt is made to include wider 
problems common to mercury-are rectifiers 
as a class, namely frequency changing, in- 
version, harmonics, etc. 


Introduction 


HE first type of rectifier installed in 

England (1923) for traction service 
was a glass bulb mercury-arc rectifier, 
and installations of this type are widely 
used for traction service in Great Britain 
and countries served by British manufac- 
turers. Glass bulb installations exceeding 
5,000 kw in capacity are in service operat- 
ing for the most part within the 500 to 
1,600-volt range most commonly em- 
ployed for D.C. traction. On the London 
Passenger Transport Board system alone 
approximately 80,000 kw of glass bulb 
rectifier plant (distributed among more 
than 50 substations) is installed for op- 
erating trams and trolley-busses. For 
railway electrification, glass bulb recti- 
fiers are equally serviceable and widely 
used. Typical examples are London, 
Midland and Scottish Railway (recently, 
electrification of the Euston-Watford line 
required 17 substations each approxi- 
mately 2,500 kw), Bombay, Baroda and 
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Central India Railway, and the New Zea- 
land Government Railways. In 1938, 
against world wide competition, one glass 
bulb rectifier manufacturer received 
15,000 kw of a 19,800-kw contract for 
traction rectifiers in South America. 
Typical Canadian traction installations 
are: British Columbia Electric Railways 
(2-330 kw, 1-660 kw), City of Edmonton 
1-700 kw), and Britannia Mining and 
Smelting Company (1-330 kw). 

Approximate over-all dimensions of a 
1,000-kw, 550-volt D.C. rectifier, exclud- 
ing transformer, would be 23 ft long by 
4 ft deep by 9 ft high. 

The above information indicates that 
there is nothing new in using glass bulb 
rectifiers for traction service. 


Plant Capacity 


The current output of a single glass 
bulb being limited, engineers unfamiliar 
with the equipment question the advisa- 
bility of operating a number of bulbs in 
parallel. They know that to obtain 2,000 
kw at 800 volts D.C., i.e., 2,500 amp, it 
would neither be economical nor prac- 
ticable to operate numerous rotary con- 
vertors in parallel, and naturally do not 
immediately appreciate that this arrange- 
ment can be utilized with glass bulbs to 
the greatest advantage. Eight or ten 
glass bulbs would be paralleled, depending 
on the size of bulb used. 

Arc voltage drop being proportional to 
the arc current a number of parallel arc 
paths minimizes the voltage drop and 
thereby increases plant efficiency. For 
example, if a single tank rectifier has an 
are drop of 20 volts at 500 amp and 25 
volts at 3,000 amp, then a 3,000-amp 
equipment comprising 6-500 amp units 
would effect a saving of about 15 kw in 
atc drop. Allowing for extra fan and 
exciter losses, this represent an 
efficiency gain of 1%.'4 

It is well known that an arc tends to 
concentrate within a small space on the 
anode and steel tank rectifier manufac- 
turers have had to resort to baffles and 
shields to obtain more even distribution. 
Are concentration overheats the anode 
and gives rise to conditions liable to cause 
backfire. It has been found that the best 


may 
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way to obtain effective increase in anode 
area, is not by increasing the size of 
anodes, but by increasing their number. 
For the 2,000-kw traction rectifier men- 
tioned above, the steel tank rectifier 
would probably be equipped with 12 
anodes, whereas 8 six-arm glass bulbs 
would have 48 anodes, thereby having an 
enormous effective anode area to ensure 
avoidance of hot spots.! 

Should inspection or maintenance be 
necessary on a bulb cubicle, that cubicle 
can be readily cut out of service without 
disturbing operation of the remaining 
cubicles. Thus in the above case, the 
seven bulbs would share full load between 
them, slightly overloaded, until the other 
bulb was restored to service. With other 
conversion equipment such maintenance 
would probably entail shutting down the 
entire unit. 

In Great Britain, general development 
of steel tank rectifiers is in the direction 
of air-cooled pumpless units whose pres- 
ent outputs are between 250 and 750 
amp, and the chief engineer of one manu- 
facturer of both steel tank and glass 
bulb rectifiers, states that the general 
trend of application is in the direction of 
operating convenient-sized units in paral- 
lel rather than employing large single 
units with numerous anodes.1. The ad- 
vantages of the multi-unit construction 
used by glass bulb manufacturers, are 
now becoming more generally recognized. 


Characteristics of Conversion 
Equipment 


The engineer must examine a number 
of important factors before reaching a 
decision on conversion equipment. The 
more important of these factors are dis- 
cussed below and the degree to which 
glass bulb rectifiers meet desired char- 
acteristics is considered. 


1. IniTIAL Cost 


(a) Equipment. The cost per kw 
varies considerably, but steel tank, steel 
bulb, and glass bulb rectifiers are all 
competitive and show to advantage over 
rotating equipment. 

(b) Buildings. Glass bulb cubicles 
can, in general, be arranged in equal or 
less floor space than single tank rect1- 
fiers, and as they have no auxiliaries such 
as water cooling pipes, pumps, recoolers, 
blower motors, or special starting equip- 
ment, building costs are less than for 
other conversion equipment. 

(c) Installation. The costly founda- 
tions required for rotating equipment are 
not necessary for rectifiers, and the uni- 
form weight distribution of glass bulb 
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Street railway traction rectifier 


Figure 1. 


330 kw, 550 volts d-c, double bulb unit 
complete with high speed circuit breaker 
panel, installed in British Columbia 


cubicles can be sustained by a much 
lighter floor than that required by other 
types of rectifiers. 

Since each cubicle is a self-contained 
rectifier unit with all auxiliaries (exclud- 
ing main and auxiliary transformer) the 
installation, testing, and setting to work is 
much simpler than that required by more 
complicated types of conversion appara- 
tus. This represents a considerable 
saving in initial cost. 


2. MAINTENANCE 


(a) Attention Required. In common 
with other types of conversion equipment, 
glass bulb substations can be unattended, 
operating automatically or by remote con- 
trol. No special attention is required. 

(b) Inspection. Bulb transparency 
is of considerable practical value to operat- 
ing engineers since by merely opening the 
cubicle doors it is immediately apparent 
whether the rectifier is firing properly. If 
required, individual bulbs can readily be 
removed from service and complete in- 
spection carried out without interrupting 
supply to the remaining bulbs. 
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(c) Sources of Trouble. The sources 
of trouble of rotating equipment are well 
known and need not be discussed here, 
but it is advisable to draw some compari- 
son between steel tank and glass bulb 
rectifiers in this respect. 

In most steel tank rectifiers the great 
majority of breakdowns occur in auxiliary 
equipment, not in the rectifiers. On one 
large traction system, the records of 16 
rectifiers over a period of 19 months 
showed maintenance carried out as fol- 
lows: control gear—45.5%, vacuum 
pumps—31%, water system—21%, recti- 
fiers—2.5%. Percentages refer to the 
number of failures. On those occasions 
when steel tanks must be opened and 
baked out, the expense involved due to 
outage of plant and cost of power for 
bake-out may be considerable.? 

In glass bulb rectifiers connectors 
passing through the bulb wall have the 
same coefficient of expansion as the glass, 
thereby ensuring no leakage through the 
seals. The bulb itself is not porous and 
therefore perfect conditions for a perma- 
nent vacuum obtain. No pumping is re- 
quired. Cooling is provided by a vertical- 
motor-driven fan, placed directly under 
the bulb. Ignition may be very simply 
accomplished with a dipping electrode 
attracted to a small, external electro- 
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magnet operated from the exciter trans- _ 
former. The only moving parts are the 
fan and a small contactor which operates 
when starting. No other auxiliaries are 
required. 

Glass bulb rectifiers, having a minimum 
of auxiliaries, require negligible mainte- 
nance.® 

(d) Bulb Life. The life of a glass bulb 
is indefinite, as no wear occurs. Records 
show many bulbs in service 15 years with- 
out developing trouble. Possibly the 
best commentary is the fact that glass 
bulbs of reliable manufacture can be in- 
sured at 4!/.% per annum to cover a 
period of 10 years. Experience has shown 
however, that maintenance and replace- 
ment costs are too small to justify even 
this small premium. For a 2,000-kw 
traction rectifier of 8 bulbs, insurance at 
the above rate costs approximately 20 
cents per kw per annum. 


3. EFFICIENCY 


The advantages of lower are drop and 
resulting increased efficiency consequent 
upon multi-unit construction were briefly 
discussed under ‘‘Plant Capacity.” 

At the load factors encountered in 
traction service, the all-day efficiency of 
rectifiers shows to advantage over rotat- 
ing equipment,” due largely to the rela- 
tively flat rectifier efficiency curve from 
1/,-5/, load. Typical efficiencies (in per 
cent) for glass bulb traction rectifiers are: 


Load 
D-C 
Voltage 1/4 2/4 3/4 4/4 5/4 
600. ..93.75 94.2...94.1...94 93.8 
1,200. ..95.6 96 -95.9...95.6 95 
1,500. ..96 96.5...96.5 96.2...95.6 


4. POWER FACTOR 


The average power factor for glass 
bulb rectifiers is fairly flat over the normal 
operating range, varying from 0.90—0.94 
approximately between one quarter load 
and full load. 


5. VOLTAGE REGULATION 


Glass bulbs, like steel tank rectifiers 
have a drooping voltage characteristic, 
the regulation being approximately 5%. 
Compounding can be effected by grid 
control, voltage regulator, or by means 
discussed in other papers.® 


6. OVERLOADS 


(a) Standard Ratings. For glass 
bulbs standard overload ratings for trac- 
tion service are: 


25% overload 
50% overload.......... 1/, hour 
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Figure 2. Railway traction rectifier 


One of a set of six banks, each 600 kw, 650 
volts d-c, with d-c smoothing equipment, 
England 


100% overload.......... 5 minutes 
BOO0% overload.......... momentary peaks 


(b) Non-Standard Ratings. It isa 
simple matter to supply a glass bulb 
rectifier with any overload capacity re- 
quired by simply installing the right 
number and type of bulb units with a 
suitable rectifier transformer. Actually 
each traction installation must be con- 
sidered on its own merits and equipment 
supplied to meet particular load require- 
ments. 

(c) Short Circutts. Glass bulbs han- 
dle severe track short circuits without 
distress. Experience indicates that glass 
bulbs are less affected by short circuits 
than other types of conversion equipment. 
One engineer with wide operating experi- 
ence of both rotating and static equipment 
confirmed that rectifiers are less sensitive 
than rotary converters and added that 
in his experience steel tanks were liable 
to backfire on track short circuits occur- 
ring within a half-mile of the substation 
but glass bulbs were not affected. The 
author does not intend this to represent 
a general condition but merely the experi- 
ence of a particular engineer. It is of 
interest, however, that in 1938 another 
engineer stated ‘“‘we employ a certain 
number of these (steel tank rectifiers) for 
traction purposes, but some of them have 
not approached the glass bulb type in 
respect of reliability.’ 
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Multi-unit construction with its re- 
sultant low current density per anode, 
large effective anode area, and conditions 
of permanent vacuum contribytes largely 
to stability under severe overload and 
short circuit conditions. 


7. STABILITY AND ROBUSTNESS 

(a) A-C System Disturbances. Itis 
well known that rectifiers are insensitive 
to fluctuations of voltage or frequency in 
the A.C. network and in this respect en- 
sure an absolute minimum interruption of 
traction supply not obtainable with rotary 
converters.” 

(b) Starting Time. Ability to re- 
start instantaneously after shut-down due 
to system disturbance, or to start up from 
cold in an emergency and to at once take 
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on full load is of major importance. Glass 
bulb operation is largely independent of 
temperature and rectifiers of this type 
will start up and deliver full load current 
without delay. Pre-heating is not re- 
quired except possibly in cold climates 
where the substation air temperature re- 
mains below freezing point for lengthy 
periods. Room temperatures from 4°C- 
40°C ensure immediate starting and 
stable operation. 
(c) Robustness. 
bulbs are 


Objections to glass 
the grounds of 
fragility and sensitivity to continued 
vibration or concussion. This has proved 
to be a fallacy. The bulbs are made of a 
special quartz type of glass and when 
handled with reasonable care breakages 
rarely occur, They are completely en- 
closed in individual sheet steel or ex- 
panded metal cubicles, and if anything, 
less liable to damage than the exposed 
commutators, brushes, relays, gauges, etc. 
of other types of conversion equipment. 


raised on 


The bulbs are secured firmly but 
flexibly in a suitable cradle and anode 
and cathode connections made through 
flexible copper conductors. Free from 
rigid connections of any type the bulbs 
are unaffected by continued vibration. 
Installations operating satisfactorily near 
gun testing locations at Woolwich Arse- 
nal, underground in mines and subjected 
to blasting shocks, or in regions subject 
to earth tremors are ample evidence of 
their insensitivity to concussion. 


Figure 3. Railway traction rectifier 


3,600 kw, 1,200 volts d-c, installation com- 
prising three 1,200-kw banks. One of two 
similar substations, England 
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A New Mercury Rheostatic Element 


for Regulation and Control 


K. A. OPLINGER 
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Introduction 


N many regulating and control systems, 

the primary or actuating stimulus is 
available only at a low power level and 
must be amplified to obtain sufficient 
power output for the various control 
functions. This requirement, along with 
the increased use of automatic controls 
during the past few years has resulted in 
many industrial applications which re- 
quire a simple, reliable power amplifier. 
Electronic tubes and special designs of 
rotating machines have been used for am- 
plification where a continuous type of 
control is required, but in most applica- 
tions it is difficult to justify the use of 
tubes or rotating amplifiers. 


Contact Controls 


Contact relays are often used for am- 
plifying power in control circuits of the 
“on” and “‘off’” type. For continuous 
control, a single pair of vibrating con- 
tacts makes a very simple amplifier. If 
the contacts are operated in a hovering 
position, their effective resistance varies 
with contact pressure and large changes 
in resistance, which will give large cur- 
rent changes, can be obtained with ex- 
tremely small variations in pressure. 


The ratio between the change in resist- 
ance and the change in pressure is a meas- 
ure of the contact amplification. It is pos- 
sible to obtain very high values of am- 
plification in this manner and to adjust 
this amplification by changing the amount 
of contact vibration. A practical applica- 
tion of the contact amplifier to speed regu- 
lators was described in a previous paper. 
The power output of such an amplifier is, 
of course, limited by the current inter- 
rupting capacity of the contacts. 


Rheostatic Control 


Another simple device for controlling 
larger amounts of power is the rheostat. 
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By using a large number of steps it is. 
possible to secure practically continuous 
control. Novel rheostatic control mem- 
bers have been built which require very 
little force and movement to operate a 
large number of contacts.? In designing 
a rheostatic control, the following re-. 
quirements are of importance in most 
regulating and control systems: § 


1. The power required to operate the rheo- 
stat should be small since the actuating 
stimulus is usually at a low power level. 


2. Hysteresis resulting from frictional and 
magnetic forces should be small. 


3. The inertia of moving parts and their 
displacement should be low to permit 
quick response. 


4. The contacts should require no mainte- 
nance, 


The above requirements become more 
difficult to meet as the output power of 
the rheostatic control is increased. By 
making use of the well-known advantages 
of the mercury switch, a new form of 
multicontact mercury rheostat has been 
developed to meet all of the above re- 
quirements and at the same time handle 
relatively large amounts of power. For 
convenience in describing this new device 
it has been called a ‘‘Mercurystat”’. 


Design of Mercurystat 


The contact element of the Mercury- 
stat contains a large number of mercury 
switches so arranged that they can be 
operated by a small force and travel. 
The construction is shown by the 
schematic drawing, figure 1. A 40-step 
Mercurystat with its electromagnetic 
driver is shown in figure 2. Referring to 
these two figures, small flat terminals 


8. PARALLELING AND EXTENSIONS 


(a) Paralleling Similar Units. Each 
bulb unit of a multi-unit installation is 
adjusted at the factory for correct opera- 
tion. In the two largest glass bulb sub- 
stations in the world, 6,500 kw and 7,000 
kw at 500 volts D.C. (industrial load) 
automatic, unattended, and remote-con- 
trolled, there are 44 and 40 bulbs re- 
spectively operating in parallel. 

(b) Paralleling Dissimilar Equipment. 
Glass bulb units can and do operate in 
parallel with rotating equipment or steel 
tank rectifiers of equal or unequal capaci- 
ties. Correct load sharing is arranged to 
suit plant conditions. To avoid consider- 
able complication in grid control gear and 
high speed relays, it is desirable to ar- 
range the rotating plant with a slight 
drooping voltage characteristic. 
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(c) Extensions. Glass bulb rectifier 
plant can be extended at any time and to 
any desired extent by adding the ap- 
propriate number of bulb units. This 
entails a considerable saving in capital 
cost as extensions to most conversion 
equipment necessitate installing units of 
large capacity. 


Conclusions 


Glass bulb rectifiers are suitable for 
traction service and in some respects 
show to advantage over other types of 
conversion equipment, particularly so in 
the multi-unit construction, lack of 
troublesome auxiliaries, high overall ef- 
ficiency, reliability, negligible mainte- 
nance costs, and flexibility. 
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each having a central hole, are assembled 
s shown with an insulating spacer be- 
tween each pair of terminals. Stainless 
steel bellows with a plug to reduce the 
volume of mercury, are attached to the 
bottom of the terminal assembly. Dis- 


aay of the bellows raises and lowers 


a central mercury column which shorts 
out, or cuts in, sections of an external re- 
-sistor connected to the ends of the ter- 


minals. A gas space is provided at the 
top of the terminal assembly to prevent 
an appreciable change in pressure from 

the slight changes in volume caused by 

the bellows displacement. The entire 
assembly, consisting of bellows, terminals, 

_ insulators, and gas space, is hermetically 

sealed by a special process so that the in- 
terior of the Mercurystat can be pumped 

out and charged with an arc-reducing gas 

such as hydrogen. It is then sealed off 
from the atmosphere to eliminate all con- 
tact maintenance. 

A Because of the large ratio between the 
area of the bellows and the area of the 
mercury column, only a small displace- 
ment of the bellows is required to short 
out all terminals. In the 40-step Mer- 
curystat shown in figure 2, the terminal 
assembly is about two inches high but 
only a few thousandths of an inch dis- 
placement of the bellows is required to 
short out all steps. 


Power Capacity 


The power capacity of the Mercurystat 
is fixed by the current interrupting ca- 
pacity of the contacts and by the internal 
losses of a given design. The contact 
duty in a rheostat of this type is much 
less severe than in the ordinary mercury 
switch operated at line voltage. The 
large number of steps reduces the voltage 
across steps so that relatively high cur- 
rents can be handled. For example, a 
small 40-step Mercurystat as shown in 
figure 2 can easily control six kilowatts. 
Life tests made with a unit this size op- 
erating in a 220-volt d-c circuit and vary- 
ing the current from 12 amperes minimum 
to 30 amperes maximum showed prac- 
tically no sign of contact wear after 
5,000,000 cycles of operation. 

At higher currents, the internal losses 
of the above design were greater than 
could be dissipated with a reasonable tem- 
perature rise. These losses result from the 
resistance of the terminals and the mer- 
cury column and from the contact drop 
between the mercury and the terminals. 
Greater power capacity can of course be 
obtained by increasing the cross section 
of the terminals and the mercury column. 
This will reduce the resistance of these 
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Figure 1. Schematic 
diagram of Mercury- 
stat 


MOUNTING 
BRACKET 


parts and at the same time give a larger 


assembly capable of radiating more heat.., 


The contact drop tends to remain con- 
stant as in the case of carbon brushes on 
slip rings and is in the order of about one- 
half volt for currents up to 100 amperes. 


Design of Driver 


In some applications the bellows of the 
Mercurystat can be operated directly by 
a lever or cam which is a part of the con- 
trol system. In other cases it is desirable 
to have an electromagnetic driver so the 
Mercurystat can respond to electrical 
stimuli. A driver for this purpose shou!d 
be free of friction and magnetic hystere- 
sis and should have some reference stand- 
ard such as a spring force for its calibra- 
tion. Such a driving element is shown in 
figure 2. The driving arm is mounted on 
cross springs to provide a frictionless 
pivot. An insulating turnbuckle is used 
to connect the bellows to this arm. A 
calibrating spring is attached to one end of 
the driving arm while an iron armature is 
mounted on the other end. The armature 
travels in a magnetic circuit having a 
constant air gap and a laminated iron 
core. By proper armature shaping the 
negative magnetic stiffness of the driver 
can be made to match the positive stiff- 
ness of the Mercurystat and calibrating 
spring so that very small changes in coil 
current will cause the driver to move 
through a wide range. Typical response 
curves of a Mercurystat and driver are 
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shown in figure 3. When working on the 
curve with a one per cent droop the en- 
tire resistance range is covered with only 
a 0.05 watt change in the driver coil. 
The change in power output of the Mer- 
curystat may be say five kilowatts so that 
the power amplification, or ratio of out- 
put to input is 100,000. Lower values of 
amplification can be obtained by merely 
reducing the spring force. This will re- 
sult in lower coil currents and a less per- 
fect matching between the negative stiff- 
ness of the magnetic circuit and the posi- 
tive stiffness of the spring. Different 
amounts of droop secured in this manner 
are shown by the curves in figure 3. The 
slight nonlinearity in response can be 
eliminated by grading the external re- 
sistance between steps to give a linear re- 
lation between input and output currents. 

Changes in temperature and in atmos 
pheric pressure may cause small varia- 
tions in the calibration of the Mercury- 
stat. The amount of these variations de- 
pends upon such factors as the type of 
drive, the dimensions of the Mercurystat, 
and its sensitivity when used in a regu- 
lating system. In any given application 
it is usually possible to proportion the de- 
sign so that these variations are negligible. 
If the bellows position is positively fixed 
by the control, changes in atmospheric 
pressure will have no effect upon the cali- 
bration. Temperature changes will cause 
slight variations in the volume of the mer- 
cury which will change the height of the 
mercury column. These changes can be 


TRANSACTIONS 847 


Figure 2. A 40-step Mercurystat and driver 


kept small by decreasing the volume of 
mercury with a plug as shown in figure 1. 

If the Mercurystat is used in a regulat- 
ing system where the bellows are operated 
by an electromagnetic driver as shown in 
figure 2, the amount of error caused by 
variations in temperature and atmos- 
pheric pressure will depend upon the 
droop of the regulator. For example, if 
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Figure 3. Mercurystat and driver response 
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Figure 4. Three- 
phase Mercurystat 


the regulator has no droop, any change in 


the height of the mercury column as a re- 


sult of changes in temperature and atmos- 
pheric pressure will be corrected for with 
no error. If the regulator has a one per 
cent droop and changes in temperature 
and atmospheric pressure should cause 
the Mercurystat to swing through say 20 
per cent of its range, the regulator will 
correct for this swing with a resulting 
error equal to one-fifth of one per cent. 
Errors due to variations in atmospheric 
pressure can be eliminated by attaching a 
duplicate sealed bellows to the driving 
arm in stich a position that any change in 
atmospheric pressure will give equal and 
opposite moments to the driver arm. By 
making the volume of this second bellows 
equal to the gas space at the top of the 
mercury column, variations resulting from 
pressure changes of the internal gas with 
temperature can also be eliminated. 


Applications 


Numerous applications for the Mer- 
curystat will be apparent to those who 
have worked with regulators and power 
amplifiers. A few applications will be 
briefly described to show how it can be 
adapted to typical control problems. 

A Mercurystat designed for controlling 
the speed of three-phase, wound rotor 
motors is shown in figure 4. Three sets of 
terminal assemblies are mounted on a 
bar which has internal holes connecting 
the three mercury columns to a common 


Oplinger—New Mercury Rheostatic Element 


bellows. Movement of the bellows will 
then give equal changes in external re- 
sistors which are connected in each phase 
of the rotor. If a voltage proportional to 
speed is applied to the electromagnetic 
driver of the Mercurystat, it will serve as 
a stimulus for regulating any speed within 
the range of the control resistance. When 
load changes occur which cause the motor 
speed and the voltage on the Mercurystat 
driver to change, the Mercurystat will 
automatically adjust the external resist- 
ors to maintain a constant motor speed. 
The control voltage, proportional to 
speed, can be obtained from a small elec- 
tric tachometer driven by the motor. In 
place of an electric tachometer the volt- 
age across slip rings can be rectified and 
used to control the Mercurystat. When 
the motor slip increases, this voltage will 
increase and the Mercurystat will short 
out resistance to bring the motor back to 
its regulated speed. 

In another application of speed control, 
a special speed cycle was made possible 
by using a cam to drive two Mercury- 
stats. One Mercurystat is used to change 
the resistance in the rotor of an a-c motor 
to adjust speed. The other Mercurystat 
is used to secure rapid changes in speed by 
controlling the dynamic braking of a d-c 
generator mounted on the same shaft as 
the a-c motor. This latter control is ob- 
tained by changing the resistance in se- 
ries with the armature and series field of 
the d-c generator. The bellows of the two 
Mercurystats are so coupled that when 
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Figure 5. Special speed controller 


one is inserting resistance in the rotor of 
the a-c motor to reduce speed, the other 
is shorting out resistance in the d-c gen- 
erator to give increased dynamic braking. 
This arrangement gives a large number of 
speed settings which can be reached very 
quickly by adjusting the main control 
cam. Figure 5 shows this form of speed 
controller as built to meet special space 
limitations. The resistors required by the 
control are mounted on the sides and in 
the back of the Mercurystat panel. 

In some applications where the operat- 
ing stimulus is at a high power level, the 
amplification of the Mercurystat is not 
important. This was the case in applying 
the Mercurystat to a speed matching 
regulator. Here the Mercurystat was 
used because of its high-current capacity 
and its sealed-in contact structure. The 
Mercurystat is shown in figure 6 mounted 
on a panel which is supported by the syn- 
chronous motor and differential housing 
of an experimental speed matcher. It is 
a 100-step unit with the terminals con- 
nected to control resistors mounted in 
the rear of the panel. The synchronous 
motor drives one-half of the differential, 
and the cone pulley, located just below the 
Mercurystat resistors, is connected to the 
other half through the hollow shaft of the 
synchronous motor. If the speed of the 
cone pulley differs from the reference 
speed of the synchronous motor the 
movement of a traveling nut in the dif- 
ferential is transmitted to a lever on the 
side of the housing which operates the 
bellows of the Mercurystat in a direction 
to change the field excitation of the regu- 
lated motor and correct for the error in 
speed. 

It will be apparent to those familiar 
with the design and application of voltage 
regulators that the new device can also be 
applied in this field. If used with an ex- 
citer, the Mereurystat has sufficient 
power capacity to regulate the voltage of 
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Figure 6. Speed- 
matcher regulator 


medium and large size a-c generators. 
The circuits used in such regulating sys- 
tems along with problems of stability and 
damping, have been described in a pre- 


vious paper.’ 


Summary 


The principal design features, along 
with several typical applications, were 
described for a new form of mercury rheo- 
static element which has been designated 
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as the “‘Mercurystat”. The unique fea- 
tures of the Mercurystat are its large 
number of hermetically sealed mercury 
contacts and the small foree and travel 
required for their operation. It was 
shown that relatively large amounts of 
power can be controlled by the Mercury- 
stat and because of the small input power 
required for its operation, power amplifi- 
sation in the order of 100,000 can be ob- 
tained. The performance of this new de- 
vice along with its simplicity and absence 


of wearing moving parts should find many 
applications for it in automatic control 


systems. 
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Modern Motors Serve City 
Transit Systems 
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Synopsis: City transit motors operated 
today include many new mechanical and 
electrical features. Modern vehicles differ 
greatly from those of a decade ago and pro- 
pulsion motors contributed substantially 
to the advances achieved. Meeting present- 
day needs has required designs for 300 and 
600 volts involving extensive use of new ma- 
terials, application to new types of drive, 
and suitability for dynamic braking. Me- 
chanical design includes unusual develop- 
ments in frame construction, method of 
mounting, lead arrangement, ventilation, 
housings, and bearings. Compactness has 
led to ingenuity in brushholder arrangement 
to secure accessibility. Armatures require 
judicious selection of materials for shafts, 
cores, and commutators as well as special 
seasoning and balancing procedure. Elec- 
trical design betterments have been intro- 
duced in armature slots, armature coils, field 
coils, and insulation. Provision for quietness 
and good commutation are also salient points. 
The new designs have resulted in high elec- 
trical and weight efficiency for series motors 
used on Diesel-electric busses, trolley 
coaches, and street cars in comparison with 
old type machines. Excellent commutation 
has produced outstanding stability at rapid 
accelerating and dynamic braking rates. 
Vehicle performance is exceptional with 
respect to safety, operating efficiency, 
available selection of accelerating and brak- 
ing rates, and the broad speed range of the 
dynamic brake. 


“BEOPLE must be served’ has be- 

come the success axiom of city 
transit operators. Creative action has 
resulted to keep pace with present-day 
travel demands. The development of 
modern vehicles is closely associated with 
progress in propulsion motor construc- 
tion. Machines in use today include 
many new mechanical and electrical 
features. Weight below ten pounds per 
horsepower, compared with almost three 
times this figure for old machines, is a 
measure of what has been achieved with 
modern designs. These advances have 
made possible the Diesel-electric bus, 
trolley coach, and the modern street car. 


Performance Requirements 


Motors used today differ greatly from 
older types and are the result of the solu- 
tion of a number of interesting problems. 
Machines have been designed for 300 
volts and applied two in series to reduce 


850 TRANSACTIONS 


Cc. A. ATWELL 


ASSOCIATE AIEE 


weight in comparison with 600-volt mo- 
tors. In order to meet the limitations 
imposed by the space available, new mate- 
rials have been used extensively. This 
has assisted in meeting the demand for 
motors much smaller than older types pro- 
ducing the same horsepower. 

The change to different types of drive 
with spring-supported motors required 
fundamental departures from previous 
practices. Gear cases and axle bearings 
were no longer needed. The new method 
of mounting protected motors from road 
shocks and thus permitted lighter con- 
struction. An increase in gear ratio was 
practicable which gave a “‘step-up” in 
armature speed and a decrease in over-all 
weight. Modern vehicles use the motors 
for stopping as well as starting which in- 
troduced the added duty of dynamic 
braking. 


Mechanical Design Features 


An evolution has occurred in mechani- 
cal design features because of the expe- 
rience gained during the transition from 
the axle-hung to spring-supported type 
machine. The rolled steel frame has re- 
placed the cast type. This new construc- 
tion has important manufacturing advan- 
tages and provides a more effective mag- 


Paper 41-104, recommended by the AIEE commit- 
tee on land transportation, and presented at the 
AIEE summer convention, Toronto, Ontario, Can., 
June 16-20, 1941. Manuscript submitted April 
17, 1941; made available for preprinting April 30, 
1941. 


W. J. Crarpy and C. A. AtwertLu are both trans- 
portation engineers of Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 


Figure 1. View showing novel 
lead arrangement of 300-volt, 
55-horsepower street-car series 
motor 
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netic circuit. Hidden casting blowholes_ 
are eliminated, a condition which often — 
reduced the area of the magnetic section — 
and caused variation in speed between in-— 


dividual motors built in accord with iden- 
tical designs. There is ample room for 
original assembly or servicing of the poles 
field coils, and field wiring between coils 


The method of motor support is depend- | 
ent on the vehicles. For example, trolley — 


coach motors are held at the two ends by 
feet cast on the housings which are suit- 
able for bolting to horizontal cross mem- 
bers. Modern street car motors are sup- 
ported by clamping them in circular 
grooves cut in the outside of the frames. 


Flexible stranded cable with rubber in- 


sulation and heavy rubber jacketing is” 


used for leads. Protection is provided for 
passage through frames by heavy rubber 
bushings. Four leads are needed by a 
series motor, two for the armature with 
the interpole field, and two for the main 
field. When field shunting is applied to 
increase speed, it is obtained by applying 
a shunt across the main field. The older 
method of field tapping required an addi- 
tional lead. A novel terminal construc- 
tion is used on the modern street car motor 
which employs four insulated stud type 
terminals. The construction is illustrated 
in figure 1. The terminals are made of 
brass and are tapered at the outer end. 
A stud bolt between each pair is used for 
clamping the internally tapered terminals 
of the car wiring tightly against the motor 
terminals. This scheme permits easy 
removal of the car wiring from motors in 
the restricted mounting space available 
on trucks. 


Commutator and fan end housings are 
removable castings that fit accurately 
into the bore of the frame and are bolted 
to its extremities. Each housing in- 
cludes its bearing assembly. The com- 
mutator end housing supports and pro- 
vides access to the brush holders as well 
as being an inlet for the ventilating air. 
The fan end housing has space for the 
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Figure 2. Construction of 600-volt, 140- 
horsepower trolley coach series motor 


fan and is built with air outlets propor- 
tioned to give quiet and efficient discharge 
of the air leaving the fan blades. Ade- 
quate ventilation is obtained by the arma- 
ture shaft fan. It draws air in at the 
commutator end, through spaces be- 


tween the field coils and over the surface 
of the armature, as one path, and through 
longitudinal ducts in the armature core 
as a parallel path. 

The support of bearings in housings 
and the method of enclosure have been 
carefully analyzed in conjunction with 


Figure 3. Armature for 600-volt, 140-horse- 
power trolley coach series motor 
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recent development work. Roller or ball 
bearings with grease lubrication are stand- 
ard. Performance records* are excep- 
tional for the designs of the past five or 
six years in comparison with those of 10 
or 12 years ago. This is especially true 
in the case of roller bearings. It can be 
attributed to the proper initial internal 
clearances, the method of mounting and 
assembly in the housings, and the effec- 
tive enclosure of the grease space by 
metal labyrinth seals. 

The housing and bearing construction 
shown on figure 2 is typical. At the fan 
end, the bearing fits in a bore in the hous- 
ing and has an outer bolted cap. At the 


Figure 4 (right). Diesel-elec- 
tric bus motor for use with 125- 
horsepower power plant 
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commutator end, the bearing is carried 
in a separate cartridge having an outer 
enclosing cap. This cartridge fits in a 
bore in the commutator end housing and 
is also bolted toit. The commutator end 
roller bearing is of the thrust type and 
locates the armature longitudinally. A 
“free” type roller bearing is used at the 
fan end, allowing for expansion and con- 
traction in the length of the shaft with 
respect to the stationary parts. An im- 
portant advantage of this type of con- 
struction is that the complete armature 
with bearings may be removed without 
exposing either of the bearings to dirt. 
Such a removal is made by taking out the 
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bolts holding the cartridge to the com- 
mutator end housing and the bolts holding 


the fan end housing to the frame. The 
complete armature with the fan end 
housing and the commutator end car- 
tridge, as illustrated in figure 3, may then 
be drawn out of the motor at the fan end. 
This construction also permits a final 
grinding of the commutator surface while 
running in its own bearings. The pro- 
cedure is to support the armature and 
housing assembly in a grinding fixture 
and rotate the armature by a small driv- 
ing motor coupled to the shaft while 
grinding the commutator surface. 

The commutator end housing construc- 
tion is closely connected with the support 
and accessibility of the brush holders. 
Carbon brushes are subject to wear and 
the brush holders must be available 
for easy inspection and replacement of 
carbons. The brush holder used is the 
bronze box type with two insulated sup- 
porting pins. This provides a simple 
and accurately located mounting with 
means for radial adjustment as the com- 
mutator surface wears to a smaller di- 
ameter. Brush holders have adjustable 
steel clock springs to maintain the correct 
pressure of brushes against the commuta- 
tor. The pressure finger and the carbons 
have flexible copper shunts. Spacing and 
position are set during manufacture by 
means of a jig which accurately locates 
the center line of the brushes relative to 
the center line of the commutating pole 
faces. After this setting is made, bolts 
holding the brush holder support block 
to the housing are welded in place. In- 
dividual brush holders are interchange- 
able. 

Armatures are solidly constructed and 
capable of operating at high speeds with- 
out mechanical distortion. High-grade 
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Figure 5 (left). 
Modern 600-volt, 
140-horsepower 
trolley coach series 
motor compared 
- with old type 600- 
volt, 125-horse- 
power machine 


Figure 6 (right). 
Moder  300-volt, — 
55-horsepowerstreet 
car series motor 
compared with old 
600-volt, 50-horse- 
power machine 


material in shafts and other parts con- 
tribute to this durability. The laminated 
core assembly with cast armature coil 
supports at each end of the punchings is 
arranged so that the shaft may be pressed 
out without disturbing the relation of 
punchings, armature windings, and com- 
mutator. Broken shafts rarely occur, 
but in case of injury to shaft ends, easy 
replacement is essential. 

Commutators are seasoned at high 
temperature while being rotated near the 
maximum operating speed. This allows 
the mica between bars to become set to 
withstand movement at the maximum 
temperature and speed encountered in 
service. The seasoning process is a series 
of heatings and tightenings carried on 
under these conditions until the commu- 
tator runs smoothly either cold or hot at 
maximum speed. Armature balancing in 
a modern dynamic balancing machine is 
essential. The best construction provides 
for two dynamic balancings: one before 
the armature is wound, and one after- 
ward. All of the unbalance of the arma- 
ture except that due to the winding is 
permanently eliminated and if the arma- 
ture is rewound, only the unbalance of 
the armature winding need be provided 
for. The coil support castings at each 
end of the punching assembly are pro- 
vided with balancing pockets into which 
the required amount of melted lead is 
poured. This takes care of the unbalance 
before winding. The small unbalance 
of the armature winding is compensated 
for by adding solder to the wire banding 
on the armature coil ends. 


Electrical Design Features 


The electrical design of a d-c motor in- 
volves the selection of the number, size, 
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and shape of the armature coils and slots 
and the arrangement and shape of the 


conductors in the slot. Commutation, 
flashing characteristics, and heating as 
well as complete motor size and weight 
are closely related to slot design. The 
newly developed insulating materials 
such as glass insulated conductors, glass 
fiber tape, and glass cloth backed mica 
wrappers for armature coils have done 
much to increase the efficiency of the slot 
design. The ratio of cross section of cop- 
per in the slot to the total cross section of 
the slot itself has been raised without 
sacrificing factors affecting commuta- 
tion, flashing, and heating. Slot wedges 
for retaining the armature coils in the 
slots have replaced the use of wire bands 
onthe core. The material used for wedges 
is usually micarta. The wedge construc- 
tion is more reliable mechanically than 
core bands at high peripheral speeds. 
Their use eliminates eddy current losses. 
produced in bands and the detrimental 
effect of core bands on commutation. 

The small size of modern motors and 
the use of form wound, single turn, wave 
type armature coils, makes armature 
winding a simple procedure. Individual 
armature coils are varnish treated before 
winding and the wound armature is given 
a series of heatings, dippings, and oven 
bakings using a newly developed insulat- 
ing varnish. The new varnish has im- 
proved characteristics of dielectric 
strength, more permanent set after bak- 
ing, and provides a smoother surface that 
is more repellent to dirt and oil. 

The field coil arrangement is made sym- 
metrical around the armature by using 
the same number of commutating coils 
and poles as main coils and poles, usually 
four of each. The coils are either formed 
of strap copper wound on edge or flat 
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Figure 7. Commutation curve for 600-volt, 
140-horsepower trolley coach motor 


wound in sections depending on the par- 
ticular design involved. The field coil 
construction has also benefited from the 
available new insulating materials. They 
occupy a minimum of space and are 
formed to fit accurately between the pole 
tips and the frame. The complete frame, 
pole, and coil assembly are given a dip- 
ping and baking treatment with insulat- 
ing varnish similar to that used for arma- 
tures. A smooth hard coating over the 
insulated surfaces of coils and cable or 
strap lead connections is obtained. It 
has high dielectric quality and is resistant 
to water, dirt, or oil. Modern motors 
use insulation designated by the AIEE 
rules as class B. The materials con- 
sist principally of asbestos, mica, and 
glass fiber and are little affected by high 
overload temperatures often encountered 
in transit service. 

Quiet operation is essential for use on 
vehicles with rubber tires or resilient 
wheels. Possible sources of motor noise 
are the brushes, bearings, fan, or arma- 
ture teeth. All of these noises have been 
reduced in modern designs. Brush chat- 
ter or squeak is prevented by brush holder 
construction and smooth riding brushes. 
Bearing noise has been lowered to the 
point that a noisy bearing indicates that 
it is defective and must be replaced. 
Windage noise has been minimized by 
streamlining fan blades and air outlets. 
Magnetic noise from the armature is 
avoided either by skewing the slots or by 
using slots parallel to the shaft and giving 
careful attention to shaping of main pole 
tips and air gap taper. The latter method 
is more desirable because of greater ease 
of winding coils in straight slots and be- 
cause slot skewing often widens the com- 
mutating zone under the commutating 
pole to an undesirable degree. 

Commutation and flashing character- 
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istics have been the subject of consider- 
able study to secure long brush and com- 
mutator life and to permit the use of serv- 
ice dynamic braking. The higher ro- 
tational armature speeds tend to make 
this problem more difficult. This is 
largely offset by the use of single turn 
armature coils which compare with two 
or even three turn coils for older type 
machines. Also, the use of two 300-volt 
motors in series to utilize 600 volts from 
the trolley, has permitted designs with 
better commutation and flashing factors. 
In the case of the single motor for trolley 
coaches, a 600-volt commutator is re- 
quired. However, the motor is of suffi- 
cient size to permit the use of a single 
turn armature coil, and other parts af- 
fecting commutation and flashing can 
also be well proportioned. While the 
commutation and flashing characteristics 
of a d-c motor are closely related, the de- 
sign factors favorable to one are somewhat 
opposed to the other. A satisfactory bal- 
ance must be obtained that will meet the 
requirements for both. For example, 
fewer armature conductors favor low 
“sparking volts’ under the brush, but 
freedom from flashing calls for sufficient 
commutator bars, with the required ar- 
mature conductors, to prevent the maxi- 
mum volts per bar from becoming exces- 
sive at the maximum armature volts en- 
countered in service. A  flashover is 
started by the voltage between adjacent 
commutator bars becoming so high that 
arcs between bars are maintained after 
these bars pass under the brush. One 
precaution is to avoid main field strength 
distortion incident to the effect of the 
armature, thus preventing a peak in the 
field form. The series motor inherently 
averts an excessive armature distorting 
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Figure 8. Acceleration curves for 600-volt, 
140-horsepower trolley coach motor 
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Figure 9. Dynamic braking curves for 600- 
volt, 140-horsepower trolley coach motor 


effect because the ratio of armature to 
field ampere turns is constant and rela- 
tively strong in dynamic braking. Under 
the condition of acceleration with shunted 
field, some distortion can be allowed in the 
field form as the terminal voltage is never 
above the trolley voltage. The field shunt 
is made with the proper amount of induct- 
ance so that sudden changes of load will 
cause no transient weakening of the field. 
Good commutation under the condition of 
maximum accelerating amperes requires 
that the magnetic circuit of the commu- 
tating poles be unsaturated. 


Typical Modern City Transit 
Motors 


The Diesel-electric bus motor, desig- 
nated as the 1435 type, is illustrated in 
figure 4. The machine is capable of han- 
dling the output of a 125-horsepower en- 
gine-generator power plant. The weight 
of the motor is 880 pounds which is ex- 
ceptionally light for the available per- 
formance capacity. 

The modern trolley coach would be im- 
practical without the 1442-type motor 
which has been designed for this vehicle. 
The machine is illustrated in figure 5. 
It rates 140 horsepower at 600 volts and 
weighs 1,360 pounds—less than 10 
pounds per horsepower. A picture of an 
old type 125-horsepower motor is shown 
in the same illustration to give a relative 
comparison. The latter unit weighs 
3,430 pounds excluding gear and gear 
case—over 27 pounds per horsepower. 

The development of the present-day 
street car is closely associated with the 
1432-type, 300-volt motor shown in 
figure 6. This is a 55-horsepower machine 
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Measurements of Pre-Breakdown 
Currents in Dielectrics With a 
Cathode-Ray Tube 


HUBERT H. RACE 


FELLOW AIEE 


A. Introduction 


N order to obtain more information 

regarding the mechanism of electrical 
breakdown in insulating liquids, a num- 
ber of experimenters!?> have studied 
current flow as a function of applied volt- 
age, using high-sensitivity d-c amplifiers 
with indicating instruments having rela- 
tively long-time constants. Such instru- 
ments will not follow rapid changes in 
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ance in making these measurements and to N. Ro- 
hats for suggestions and circuit details connected 
with the cathode-ray equipment. 


1. For all numbered references, see list at end of 
paper. 


current where the time intervals are of 
the order of milliseconds or less. There- 
fore we decided to investigate the possi- 
bility of using a cathode-ray tube as a 
current detector to follow current changes 
just preceding breakdown. This paper 
describes current measurements in liquids 
with 200-microsecond impulse voltage 
waves and current measurements in 
liquids and solids with gradually increas- 
ing unidirectional voltage applied to the 
specimens. 


B. Measurements on Liquids Using 
Balanced Impulse Circuits 


Breakdown in liquids gives no warning 
preceding its occurrence which can be 
used to trigger the sweep of a cathode-ray 
tube so as to make a breakdown self-indi- 
cating. Therefore we applied to the test 


cell a transient voltage increasing at 
nearly a constant rate of such a value | 
that the test cell would break down on 
the rising portion of the voltage wave 
(figure 1). A sweep trip was built de- 
signed so that the sweep could be initiated 
at any predetermined time after the start 
of the voltage transient. Since the sweep 
time was also adjustable, the cathode-ray 
tube could be used to observe any portion 
of the voltage or current transient if the 
necessary single transient writing speed 
and deflection sensitivity could be ob- 
tained. A 15-kv cathode-ray oscillo- 
scope’ was used with photographic at- 
tachment to obtain the desired writing 
speed. 

Because of the high rate of voltage rise 
necessary to obtain breakdown in one 
sweep of the cathode beam, the cell ca- 
pacitance charging current would be much 
greater than the conductance current. 
Therefore two balanced, opposing im- 
pulse circuits were used, as shown in 
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Figure 1. Impulse voltage-time curve 


weighing 695 pounds—just over 12 
pounds per horsepower. The same pic- 
ture includes an old type 50-horsepower 
600-volt motor and gives a visual indica- 
tion of the progress made in the new de- 
sign. The earlier type weighs 2,000 
pounds or 40 pounds per horsepower. 


Performance Characteristics 


Satisfactory commutation requires mini- 
mum sparking at the brush faces under 
the most unfavorable combination of 
load and speed encountered in service. 
In figure 7, the ‘“commutation factor” is a 
measure of the average voltage between 
bars under the brush. This figure shows 
how this factor varies throughout the 
speed range for motoring and dynamic 
braking for a 600-volt series trolley coach 
motor. The motor design is such that 
the maximum value of this ‘“‘commuta- 
tion factor” is below that which produces 
sparking at the brush faces. It is lower 
for dynamic braking than for motoring. 

The series motor has the inherent ad- 
vantage of a rapidly increasing dynamic 
braking effort as speed is stepped up. 
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Thus, when a vehicle is gaining speed 
down grade and the dynamic brake is 
applied, any desired balanced condition 
may be quickly obtained. There is no 
possibility of the motor reaching an un- 
stable condition and permitting the ve- 
hicle to run away if the mechanical brake 
fails. Dynamic braking with the series 
motor is effective when the trolleys leave 
the wire if battery operated control con- 
tactors are provided. When power for 
control operation is obtained from the 
trolley, the dynamic brake is unaffected 
as long as trolley voltage is sufficiently 
high to close the main circuit contactors. 
Thus, considerable voltage drop may oc- 
cur without adversely influencing the 
dynamic brake. 

Accelerating performance of the series 
motor is exceptionally smooth. Rates of 
acceleration, determined by the amount 
of pedal advance, permit an operator to 
start a vehicle at a rate selected to con- 
form to traffic requirements. This gives 
the operating flexibility so necessary in 
city service. A set of acceleration curves, 
applicable to the modern trolley coach, is 
shown in figure 8. 


Race—Measurements of Pre-Breakdown Currents 


The range of the dynamic brake ob- 
tained with the series motor is unusually 
broad. This is illustrated by the braking 
curves shown in figure 9. Braking cur- 
rent is effectively regulated to maintain 
any selected rate of braking up to the 
maximum capacity of the motor equip- 
ment. The uniform motor current which 
is obtained provides equal tractive effort 
values on all notches and thus maintains 
the desired braking rate. The series 
motor is capable of developing its full 
braking rate down to three or four miles 
per hour if these low speeds are desired. 


New Motors Extensively Used 


The new designs of motors for Diesel- 
electric busses, trolley coaches, and street 
cars have been generally applied on city 
transit systems. The machines available 
are the product of considerable engineer- 
ing effort to reduce weight, increase effi- 
ciency, and improve output. Results are 
creditable as a contribution which has as- 


sisted in the development of modern 
transit vehicles. 
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Figure 3. Breakdown current in a high-con- 
ductivity liquid 
Diphenyl oxide + dipheny! 


figure 2.9 An adjustable air capacitor was 
used to balance out the capacitance cur- 
rent of the test cell. Under these condi- 
tions the voltage between point (A) and 
ground should be zero if the conductance 
current in the test cell were zero. Also if 
the cell conductance current were appre- 
ciable the voltage drop across the one- 
megohm resistor could be indicated by 
the cathode-ray deflection as a measure of 
this current. 

Proper operation of this circuit depends 
upon equal voltage-time transients of 
opposite polarity being applied to the two 
sides of the circuit. The charging cur- 
rents are then equal and opposite so that 
only the voltage drop due to the conduct- 
ance current appears across the measur- 
ing resistor. If this resistor was larger 
than one megohm, the capacitance of the 
leads and cathode-ray oscillograph de- 
flection plates provided a comparatively 
low-impedance shunt for the fast tran- 
sients. Even with one megohm it be- 
came necessary to correct the resulting 
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curves, both for the deflection plate ca- 
pacitance and the circuit unbalance due 
to the drop in the resistor. 

Good results were obtained on a mix- 
ture of commercial diphenyl and diphenyl 
oxide which was continuously circulated 
through a filtering and degasifying sys- 
tem.’ Figure 3 is a good example of the 
type of curve obtained, and figure 4 shows 
the corrected curve plotted with time, 
current, voltage, and resistance scales. 
The pre-breakdown currents in this liquid 
were very high (one or two milliamperes). 
However, lower conductivity liquids 
could not be studied because of insuffi- 
cient sensitivity. Figure 5 shows a typi- 
cal shot taken on a low viscosity cable 
oil (GE number 5314) with a 22-micro- 
second sweep. After breakdown, the 
high-frequency damped oscillation is de- 
termined by the circuit constants, not 
the liquid. No pre-breakdown current 
can be seen, meaning that the current was 
less than 10-4 amperes up to within a frac- 
tion of a microsecond of breakdown. 


C. Measurements on Liquids Using 
Gradually Increasing Voltage and 
Photographing Repeating Sweeps 
on a Cathode-Ray Tube 


1. APPARATUS 


At a low rate of voltage application the 
capacitance charging current is negligible. 
Methods were worked out to trip the 
sweep circuit repeatedly at two-milli- 
second intervals and to use a continuous 
feed movie camera without shutter to 
record the resulting single traces. A 15-kv 
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high-conductivity liquid 


tungstate screen tube was used to get 
high photographic intensity. The film 
moved approximately parallel to the 
sweep direction at such a speed that suc- 
cessive sweeps uncovered or progressed 
about one-fifth of the length of a single 
trace on the film. A resulting hypotheti- 
cal pre-breakdown current is showm 
schematically in figure 6. The slowly in- 
creasing unidirectional voltage-time curve 
was measured with a photoelectric re- 
corder.» A manually operated selector 
switch (figure 7) was used so that the op- 
erator, while watching the cathode tube 
deflection, could vary the sensitivity and 
thus follow a slowly rising current as the 
voltage was gradually increased. The 
photographic setup was arranged so that 
the operator could view the tube screen 
from the side during the entire run. The 
10° and 10° ~ resistors were wire wound, 
the others were electrolytic, using solu- 
tions of tetrabutyl ammonium picrate in 
a mixture of diphenyl and diphenyl ox- 
ide. Sealed off glass cells were used to 


prevent resistance changes with time and 
the concentration and cell dimensions 
were varied to give the desired resistances. 
Since the sweep time used is about 40 mi- 
croseconds and the sweep interval is 2 
milliseconds, we have a 2 per cent prob- 
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Figure 5. Breakdown in mineral oil 
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Figure 6 (left). 
| pected record on moving film 


Figure 7 (right). 
switch for varying the current 
sensitivity of a cathode-ray 
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Figure 8 (right). Removable 
electrode gravity cell 


ability of catching a breakdown transient 
if it is only of the order of microseconds 
duration. 


2. CURRENT-TIME DaTA FoR A Low- 
Viscosity MINERAL O1r (GE 5314) 


For these experiments open cells (figure 
8) having spherical electrodes of three 
different metals were used. The elec- 
trodes were polished on a dry clean buffing 
wheel. Then the electrodes and cells 
were chemically cleaned, steamed, and 
dried in a 100-degree centigrade oven as 
described by Dornte.® 

Table I shows the last current readings 
and the breakdown gradients for this se- 
ries of tests and figures 9 and 10 show the 
current-time data taken at intervals from 
the movie film record of the cathode-ray 
tube deflections. These data give addi- 
tional evidence for the conclusion that the 
conditions of the experiment particularly 
regarding the electrode surface are the im- 
portant factors governing pre-breakdown 
current as well as the breakdown gradient.*»® 


3. PRE-BREAKDOWN CURRENT IN 
HEPTANE 


A hemispherical electrode, closed cell 
prepared and filled with pure, dry hep- 
tane by Dornte* was measured first with 
his FP54 amplifier below breakdown and 
then up to breakdown with the equipment 
described in this paper. The data taken 
from the records of the latter measure- 
aments are shown in figure 11. 

It is interesting to examine these data 
in terms of two possible explanations of 
their cause. The Wien-Onsager’ deriva- 
tion* would predict that if logi(I/E) is 
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plotted against V volts per centimeter, 
the asymptotic slope equals 


it 


&X9.64 
UN X9.6 es 


a 


for this experiment with heptane ¢’= 
1.91, T=300 degrees Kelvin so that the 
limiting slope=0.0092. Figure 12 shows 
the data for heptane plotted in this form 
with the theoretical slope indicated. 
Baker and Boltz! suggested that the 
limiting factor in conduction might be a 
potential barrier at the electrode-liquid 
interface so that a modified Schottky re- 
lation should apply.** Their derivation 
indicates that if logio J is plotted against 


* This theory is based upon increased dissociation 
of ion pairs at increased field strengths. 


** This theory assumes that the controlling factor 
in current flow is the ability of electrons to escape 
into the liquid from the electrode surfaces and there- 
fore is limited by a ‘‘work function” similar to that 
involved in electron emission into gases. 
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Figure 9. Pre-breakdown current in mineral 
oil 
See table | 
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V volts per centimeter, the limiting slope 


should be given by the expression 
1.91(€')'?/T (2) 


This relation gives a slope of 0.0089 for 
our data. 

On the other hand, LePage and 
DuBridge® do not agree with the Baker- 


Boltz derivations and arrive at the re- 


lation. 
1.91/(e’)'?T (3) 


For heptane this gives a slope of 0.0045. 
The data for heptane are plotted in figure 
13 with these two slopes indicated. The 
results for heptane fit the Onsager and 
Baker-Boltz derivations better than the 
LePage-DuBridge calculations. 


4. PreE-BREAKDOWN CURRENT IN 
CONDUCTING LIQUIDS 


To determine the effect of adding con- 
ducting ions, filtered, chemically pure 
toluene alone (run 66) and filtered tolu- 
ene+0.025 per cent tetrabutyl ammo- 
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Figure 10. Pre-breakdown current in mineral 
oil 


See table | 


nium picrate (run 72) were tested in the 
quartz cell with stainless steel spherical 
electrodes. The results are shown in 
figure 14. Before applying high voltage, 
the d-c resistance was measured at low 
voltage in each case as follows, run 66, 
R=1.8X10" ohms, run 72, R=8.8X 108 
ohms. The breaks in the current curves 
indicate definite changes in mechanism 
of conductance as the gradient is in- 
creased. Such breaks are commonly 
observed if the current-measuring equip- 
ment has a sufficiently wide range of sen- 
sitivity. 

Since conducting ions have been added 
for run 72, the results should be checked 
against the Wien-Onsager theory. There- 
fore figure 15 is plotted but, contrary to 
expectations, the slopes of the conduct- 
ances versus gradient lines were much 
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Figure 11. 


lower than would be required by the 
theory which predicts a slope of 0.008 for 
toluene. Likewise the same data are 
plotted in figure 16 to obtain a comparison 
with the potential barrier theory. The 
toluene containing conducting ions seems 
to check the LePage-DuBridge deriva- 
tion but the toluene alone does not. 

Unfortunately this investigation was 
discontinued before the above calcula- 
tions were made so that the runs have 
not been repeated and checks are not 
possible at present. However, the re- 
sults seemed worthy of reporting even 
though they are inconclusive as to the 
mechanism involved. 


5. DISCUSSION OF RESULTS ON LIQUIDS 


In none of the breakdown records on 
liquids did we catch the breakdown tran- 
sient. The last trace on each record was 
substantially like those immediately pre- 
ceding it, showing the slowly increasing 
current with increased voltage as shown 
in figures 9, 10, 11, and 14. It seems rea- 
sonable to conclude that the observed 
current increases are ionic but that the 
final breakdown is electronic and occurs 
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Table I. Pre-breakdown Conditions in 5314 Oil 


B.D. Current Resistance Electrod 
Gradient before B.D.X Before B.D.X Electrod ‘ i é 
No. ‘Symbol Shot (Kv/Cm) 10-°Amperes 107-10 Ohms Material oe 


tee eee 


very fast (fractions of microseconds, see 
figure 5). Furthermore it seems that the 
pre-breakdown ionic current may be un- 
related to the breakdown electronic cur- 
rent since the results of many investiga- 
tions indicate that the breakdown gra- 
dient appears to be affected more by elec- 
trode surface conditions than by the 
ionic conductivity of the liquid. 


D. Pre-Breakdown Currents in 
Solids 


A number of experiments were tried 
to see whether the methods described in 
part C could’ be used to measure current 
just before breakdown in solids. The 
test pieces were prepared by drilling 3- 
millimeter coaxial holes from opposite 
ends of a 1.5X1.5X7-centimeter test 
piece. The ends of the holes were made 


hemispherical with a special reamer and 
the thickness of the test section between 
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Figure 12. Plot of data for heptane to com- 
pare Wein-Onsager calculations 
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the ends of the holes was accurately 
measured with a micrometer. Very finely 
divided graphite was then introduced 
into each hole and brass rod electrodes 
with rounded ends driven lightly into 
the graphite. In this manner the field 
distribution which exists between spheres 
in a homogeneous dielectric was obtained 
and corona between the electrode and the 
dielectric was eliminated. 

Figure 18 shows a polystyrene speci- 
men (run 53) after breakdown. This 
specimen had a test thickness of 0.053 
centimeter and broke down at 77 kv, 
giving a breakdown gradient of 1.45 
10° volts per centimeter. The current 
in this specimen was less than 110-8 
amperes up to within four milliseconds of 
failure. The current record just before 
failure is interesting (figure 17), since the 
two sweeps before failure show currents 
of 40 and 106X10~% amperes, respec- 
tively. Then failure occurred before 
the next sweep, which was back on the 
zero line. Another polystyrene specimen 
having a spacing of 0.033 centimeter did 
not fail at 83 kv, when tested at 100 de- 
grees centigrade. This corresponds to a 
gradient >2.5>10° volts per centimeter 
(6,350 volts per mil). A third specimen 
at 100 degrees centigrade having a test 
spacing of 0.013 centimeter failed at 34.2 
kv corresponding to a gradient of 2.6X 
10® volts per centimeter (6,600 volts per 
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Figure 14. Pre-breakdown current and voltage 

data for chemically pure toluene (run 66) and 

toluene + tetrabutylammonium picrate (run 
72) 
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Figure 15. Plot of data for runs 66 and 72 to 
compare with Wein-Onsager calculations 


mil). None of these specimens showed 
any measurable current before break- 
down. 

Several specimens of polyvinyl formal 
resin were tested in the same way. No 
pre-breakdown current was observed, the 
failure having occurred between succes- 
sive sweeps in each case. One specimen 
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Figure 16. Plot of data for toluene alone 
(run 66) and toluene + 0.025 per cent 
tetrabutylammonium picrate (run 72) 


having a spacing of 0.038 centimeter did 
not fail and had a current less than 10-® 
amperes at 86 kv although the maximum 
potential was held for 30 seconds. This 
corresponds to a breakdown gradient 
>2.3X 10° volts per centimeter. 


E. Summary 


1. A method has been developed for photo- 
graphing repeating traces on a cathode-ray 
tube which measure current in liquid and 
solid dielectrics with slowly increasing uni- 
directional voltage up to within two milli- 
seconds of breakdown. The range of cur- 
rent sensitivity is from 10-8 amperes up. 
Current values at time intervals closer to 
the breakdown point could be measured by 
increasing the speed of motion of the film 
and decreasing the sweep interval. The 
probability of catching fast transient of the 
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Figure 17 (left). 
mediately preceding failure in polystyrene (run 53) 


Figure 18 (below). 


order of one microsecond duration is only 
2 per cent (ratio of sweep time to sweep | 
interval). 


2. In liquids, the evidence so far obtained 
leads to the tentative conclusion that the 
final breakdown current increases from a 
substantially steady value to failure in frac- 
tions of a microsecond. This indicates that 
the final breakdown mechanism is electronic. 


3. In liquids, it appears also that the pre- 
breakdown ionic current may be unrelated 
to the breakdown electronic current since the 
breakdown gradient appears to be affected 
more by the electrode surface conditions 
than by the ionic conductivity of the liquid. 


4. In polystyrene and polyvinyl formal 

only one record was obtained showing any — 
pre-breakdown current greater than 107% 

amperes up to within two milliseconds of 

failure at breakdown gradients of the order 

of 2.5108 volts per centimeter. 


Photographic record of current rise im- 


Section of polystyrene specimen after 
breakdown 
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Bus Protection Independent of Current- 


Transformer Characteristics 


G. STEEB 


MEMBER AIEE 


Synopsis: The paper describes the in- 
stallation and operating results of a bus pro- 
tective scheme, which uses a combination 
of high-speed directional ground relays on 
all sources of fault current and high-speed 
plunger type blocking relays on all outgoing 
circuits. The scheme described is inde- 
pendent of the ratios and characteristics 
of the current transformers. 


Introduction 


HE protection of station busses in the 

past has usually been accomplished 
by some form of differential relaying or 
by fault bus relaying.! 

Differential relaying requires that the 
current transformers in each circuit on the 
bus have the same ratio and characteris- 
tic.? Sometimes auxiliary transformers 
are used to compensate for differences in 


Figure 1. Circuit arrangement of 25-cycle, 
22-ky outdoor station 
I2KV 

A 

A 
Sr-733 7 
8 88 3 
N 


the ratios of various current trans- 
formers. It has often been necessary 
to give the differential relays a relatively 
high pickup and some time delay in order 
to prevent incorrect operations. The ap- 
plication of the harmonic current re- 
straint relay has overcome some of the 
difficulties of differential relaying for bus 
protection.‘ 

Fault bus relaying requires that all 
equipment be insulated from ground and 
connected to a common fault bus, which 
is grounded through a current transformer 
which operates some type of relay.® 

Neither of the above schemes could 
be applied in a practical way to the bus 
layout shown in figure 1. Since each 
feeder has only one breaker, and each 
pair of feeders has selector disconnects 
to the busses, the application of current 
transformers for differential relay pro- 


tection would not be feasible. This 
e 
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station is @ 22-kv outdoor station which 
was built 20 years ago and does not lend 
itself readily to the application of the 
fault bus method, 


Description of Bus Scheme 


The difficulties in applying either of the 
two conventional methods of bus pro- 
tection resulted in the development of a 
scheme which uses a combination of high- 
speed directional relays on all sources of 
fault current and high-speed plunger type 
current relays for blocking on all out- 
going circuits. The method developed 
can be used for protection against any 
type of fault, but, after consideration of 
the speed of operation of the protective 
scheme and of the fact that the majority 
of faults in an outdoor station start as 
one wire to ground or two wires to ground 
faults, it was decided to install only 
ground fault protection. The total relay 
time of the protective scheme is from one 
to two cycles* and it was felt that this 
time was sufficiently short to insure relay 
operation before ground faults have suf- 
ficient time to develop into three-phase 
faults. 

Figure 2 shows the simplified a-c con- 
nections for bus sections 1 and 2. Figure 
3 shows the schematic d-c relay connec- 
tions for bus sections 1 and 2. The con- 
nections for bus sections 3 and 4 are 
similar to those shown for bus sections 1 
and 2. 

Each of the high-speed ground direc- 
tional relays used on circuits which are 
sources of ground current has one coil 
connected in the station neutral ground 
and its other coil in the respective residual 
current circuit. When de-energized, the 
contacts of these relays are open, and they 
close when ground current flows toward 
the protected bus section. A specially 
designed b switch on the oil circuit breaker 
in each circuit is connected across the 


Paper 41-99, recommended by the AIEE committee 
on protective devices, and presented at the AIEE 
summer convention, Toronto, Ontario, Can., 
June 16-20, 1941. Manuscript submitted April 1, 
1941; made available for preprinting May 5, 1941. 


G. STEeEB is with the Buffalo, Niagara and Eastern 
Power Corporation, Buffalo, N. Y. 


1. For all numbered references, see list at end of 
paper. 


* All times given are on a 25-cycle basis. 
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normally open contacts of these relays 
to prevent the relay scheme from being 
inoperative when a circuit is out of serv- 
ice. 

All circuits which are not sources of 
ground current are provided with high- 
speed plunger type ground relays, each 
having two contacts both of which are 
closed when the relay is de-energized. 
Since the outgoing circuits can be con- 
nected to either one of two busses, it was 
necessary to use one contact of each of 
these relays in the protective scheme of 
each of these bus sections. Thus the 


are open. The tie breakers are normally 
open at least 90 per cent of the time. 

To prevent an accidental operation of 
the bus scheme and also to prevent its 
operation on a high-resistance fault on a 
circuit off the bus, a high-speed plunger 
type overcurrent relay for each bus section 
is used in the station neutral ground. The 
contacts of this relay are connected in 
series with the operating coil of the gang 
trip relay, the normally open contacts of 
the ground directional relays, and the 
normally closed contacts of the plunger 
type ground relays for any bus section. 


Sires oy See 
ai) area 
1 
Flaten 


the station neutral and of the ground 
directional relays in the circuits which 
are ground sources close, energizing the 
gang trip relay which trips all the power 
sources on the bus. Since the outgoing 
feeder circuits carry no fault current, the 
contacts of the relays on these circuits 
remain in the normally closed position. 
When a ground fault occurs on a circuit 
off the bus, the contacts of the plunger 
type ground relay on the faulted circuit 
open before the contacts of the overcur- 
rent relay in the station neutral and the 
ground directional relays close and thus 
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operation of these relays, when a fault 
occurs on a circuit off the bus, blocks the 
bus scheme of both bus sections to which 
the circuit can be connected. The con- 
tacts of these relays are continuously 
supervised by indicating lights. 

The tie breakers to adjoining bus sec- 
tions are equipped with both high-speed 
ground directional relays and high-speed 
plunger type ground relays with their 
contacts connected in parallel. Since an 
adjoining bus section may or may not be 
a source of ground current, it was neces- 
sary to install both types of relays. The 
normally closed contacts of the plunger 
type ground relays of the tie breakers also 
serve as b switches when the breakers 
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Since the ground directional relays have a 
lower pickup than the plunger type 
ground relays on the outgoing circuits, the 
bus scheme would operate on a high- 
resistance ground fault were it not for the 
fact that the high-speed overcurrent relay 
in the station neutral has a higher pickup 
than the plunger type ground relays on 
the outgoing cables and prevents the 
operation of the bus relays on ground 
fault current below a_ predetermined 
value. 


Sequence of Operation 


When a ground fault occurs on the bus, 
the contacts of the overcurrent relay in 
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Figure 2. Simplified a-c connections for bus 
sections 1 and 2 


prevent the operation of the bus protec- 
tive scheme. After the fault is cleared, 
the contacts of the station neutral relay, 
and of the ground directional relays, must 
reopen before the contacts of the feeder 
ground relay reclose. 


Choice of Relays 


The correct operation of this protective 
scheme requires that relay contacts open 
faster than they close. 

To decide what types of relays would 
fulfill this requirement, a number of tests 
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were made in the laboratory, using an 
oscillograph, to check the relative opening 
and closing times of the various relays. 
It was found that satisfactory tolerance 
can be obtained between the opening of 
“one contact and the closing of another, 
even on high-speed plunger type relays 
which are energized or de-energized 
‘simultaneously. The tests also showed 


in series, operating simultaneously, give 
‘reliable results especially if the contacts 
are of the nonbounce type. 

} The relays that have been selected are 
all of simple design, and their operating 
times as recorded by the oscillograph, are 
described below. 

_ The high-speed plunger type relays in 
the ungrounded circuits will open their 
contacts in a quarter of a cycle at all 
values of current greater than about 30 
per cent above their setting, and after 
the current has been removed, the con- 
tacts will reset in one cycle. Of course 
the setting of these relays should be made 
as low as possible, because this determines 
the setting of the relays in the station 
neutral. 

The high-speed plunger type over- 
current relays in the station neutral will 
close their contacts in a third of a cycle 
at the maximum obtainable current, 
which is 300 per cent of their setting. 
The closing time of the relay contacts in- 
creases, as the current decreases, i.e., at 
about 30 per cent above the setting the 
time will be one cycle and two cycles at 
5 per cent above its setting. The con- 
tacts open in a quarter of a cycle after the 
telay becomes de-energized. 

The high-speed ground directional re- 
lays have been adjusted to close their 
contacts in a time, varying from about 
two cycles at ten per cent above their 
setting to three-quarters of a cycle at the 
maximum obtainable current. These 
contacts will reopen in a quarter of a 
cycle after the relay becomes de-ener- 
gized. 

Additional tests showed that equally 
satisfactory results can be obtained with 
relays used on 60 cycles frequency. 


Limitations of the Bus Scheme 


1. If the unusual operating condition, 
should arise of a bus section being fed only 
through a tie breaker, it would be neces- 
sary to make the protective scheme non- 
automatic on that section; since the } 
switches on every breaker that normally 
feed the bus section would be closed. The 
only contact that would then remain open 
in the d-c circuit of the bus scheme would 
be that of the overcurrent relay in the 
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that the contacts of five directional relays | 


station neutral, Since these contacts 
close for a fault anywhere on the 22-kv 
system an incorrect operation of the bus 
protective scheme could result, 

2. The bus protective scheme for a 
section would be inoperative if a breaker 
on a ground source circuit were in the 
closed position while its isolating discon- 
nects were open. This is a situation that 
might arise while doing maintenance work 
on a breaker. If a bus ground fault 
should occur during this period, the 
ground directional relay on the circuit out 
of service could not close its contacts. 
This limitation of the bus scheme can 
be overcome by by-passing the b switch 
of the breaker on which maintenance work 
is being done. 

3. The bus scheme of any section is 
inoperative while any of its relays is being 
tested. This, of course, applies to any 
bus scheme but with this one there are 
a greater number of relays to be tested 
than on a conventional scheme, and 
therefore more time is required. 


turbances occurred outside the four bus 
sections during which all the relays of the 
bus protective scheme performed cor- 
rectly, 

On May 12, 1940 a series of staged 
ground fault tests were made on each of 
the four bus sections and on circuits off 
the various bus sections. In each case 
the protective scheme operated correctly. 
Each of the bus faults was cleared in about 
seven cycles. 


Operating Experience 


Since May 12, 1940 when the bus 
scheme was put in service, there have 
been nine faults on circuits off the bus, 
and one fault on bus section 4. 

The bus scheme was blocked correctly 
in all cases of faults off the bus. 

The fault on the bus, which occurred 
on the bus side of the breaker bushings 
marked with the letter A in figure 1, 
was cleared in eight cycles through the 
operation of the bus protective scheme. 


199-3 


+ _ 
GANG TRIP GROUND DIRECTIONAL RELAYS ON RELAY ON 
RELAY RELAYS TIE BREAKER UNGROUNDED BANK 
aia aia AY at | Cerca feel © ree tear Sz] 
f as | 1 1 ' 1 ' ! ' ' 1 ! ' 
‘eitlinee mse Le | Wem Ui eae A a ea 
© © ome ©. £4 
OVERCURRENT RELAY > b b 


IN STATION NEUTRAL 


O 


_ 
4 f 
! i) 
L J 
‘pea 1 on 
i] ' 1 1 ! 
' Boal ! 1 J 1 i} 1 ' ' ! 1 
eS 2 ee ey a | eageel Bape] boen! el) 
+ — 
Figure 3. Schematic diagram of d-c relay The record of the automatic oscillo- 


connections for bus sections 1 and 2 graph indicates that the disturbance 
started as a phase 3-to-ground fault. 
This condition remained for four cycles 
and after that the fault spread into a two 


wire-to-ground fault, involving phases 2 


4, This bus scheme does not operate 
if a bus fault starts as a phase-to-phase 
or three-phase fault or if a one wire-to- 


ground or two wire-to-ground bus fault and 3. 
changes to a three-phase fault in less than 
about one cycle after its start. Conclusion 


The bus protective scheme has been 
applied to an important and rather com- 
plicated section of the system, where 
relatively large generators and power 
transformers are connected to the busses. 
Operating experience indicates that the 
reliability of this bus scheme is not ad- 
versely affected by either the magnetizing 
inrush currents of the power trans- 
formers or by the d-c component of the 
asymmetrical fault currents. 


Staged Ground-Fault Tests 


The various relays of the described bus 
scheme were installed and put in service 
in May 1939, but the trip circuits on the 
gang trip relays were left open tempo- 
rarily. The purpose of this precaution 
was to determine, in actual operation, 
whether any of the relays would operate 
incorrectly on switching surges or external 
faults. During this period various dis- 
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A Distribution System for War-lime 


Plant Expansion 


J. L. McKEEVER 


ASSOCIATE AIEE 


Introduction 


NDUSTRIAL distribution systems to 
meet the needs of expanding plant 
facilities for war and defense production 
are a very live issue today, both in Canada 
and in the United States. A great deal 
has already been written on the subject in 
a general way, as a guide to the proper 
tailoring of plant distribution to the type 
of plant and plant production. The pur- 
pose of this paper is not to generalize, but 
to offer a short description of the distribu- 
tion system installed in the recently ex- 
panded facilities of the Peterborough 
plant of the Canadian General Electric 
Company, with reasons for the choice 
made. Many plants at the present time 
must be faced with distribution problems 
similar to ours and we feel that our solu- 
tion has possibilities of wide adoption. It 
is obviously equally applicable to a new 
plant. 


Description of Plant Extension 


The plant extension now nearing com- 
pletion consists of some 370,000 square 


Paper 41-136, recommended by the AIEE com- 
mittee on industrial power applications, and pre- 
sented at the AIEE summer convention, Toronto, 
Ontario, Can., June 16-20, 1941. Manuscript 
submitted April 16, 1941; made available for pre- 
printing May 15, 1941. 


J. L. McK EEvEeR is general engineer with Canadian 
General Electric Company, Ltd., Peterborough, 
Ontario, Can. 


Grateful acknowledgement is made of the help 
given in the preparation of this paper by G. R. 
Langley, chief engineer, and F. A. Athney, switch- 
gear engineering department, Canadian General 
Electric Company, Peterborough Works. 


1. For all numbered references, see list at end of 
paper. 


feet of floor space in two single story build- 
ings. One building of some 245,000 
square feet was constructed to manufac- 
ture specialized mechanical equipment 
while the second building of 125,000 
square feet area is to house our wire and 
cable manufacturing department. They 
will be designated in this paper as build- 
ing A and building B respectively. 

The types of load in the two buildings 
are quite different. In building A there 


BUILDING ‘A” 


EXISTING 
BUILDINGS 


Figure 1. Approxi- 
mate location of sub- 
stations in buildings, 
showing 6,600-volt 
and 575-volt inter- 
connections 


——— 575-VOLT NETWORK 
— 6600-VOLT LOOPS ---- FUTURE CONNECTIONS 


will be a connected load of approximately 
6,000 hp consisting very largely of small 
machine tools, plus 900 kva for heating 
and lighting, while in building B with a 
connected load of approximately 2,500 hr 
there are an appreciable number of motors 
in the order of 50 to 200 hp driving rubbet 
mills, Banburys, strainers, etc. 


_ Existing Distribution System 


In laying out a distribution system for 
the new buildings the first thought natu- 
rally was to continue with the present 
system. Power is obtained from four 
sources, 1.e. 

Two small hydroelectric stations owned by 
the company 


One steam turbine generator in the com- 
pany’s steam heating plant 


Peterborough Utilities Commission 
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S.S.—600-KVA SUB-STATIONS 


While the installation requires a 
greater number of relays than conven- 
tional schemes, it avoids the use of ad- 
ditional current transformers and is in- 
dependent of the current transformer 
ratios and characteristics, and can there- 
fore be more readily applied to old 
stations. Economically it compares very 
favorably with other schemes. 

The protective scheme as installed is 
practically foolproof. Mistakes made 
while working on the individual relays or 
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on the various current circuits are not 
likely to operate the bus scheme. 
Troubles in the secondary wiring or the 
relays are more likely to prevent the 
scheme from operating than to cause an 
incorrect operation, a condition which is 
desirable from a system operating stand- 
point. 
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“hese sources are paralleled in the switch 
oom of the steam plant and from there 
ower is fed by 6,600-volt underground 
cables to four strategically located step- 
lown substations. From these stations 
the existing plant of 790,000 square feet 
loor area is fed by conventional radial 
eeders at 575 volts for power and 115/230 
volts for lighting. 


Distribution Requirements 


If the same radial type of distribution 
were to be used for the new buildings it 
was obvious that at least two new sub- 

stations would be required and, consider- 
_ ing the large area to be covered, it would 
_be necessary to decentralize the 115/230- 
; volt lighting transformer capacity by plac- 
ing a number of small single phase units, 
either Pyranol or air cooled, throughout 

the buildings. This is of course in line 
with the best modern practice and the 
_ primaries could readily be connected to 
the 575-volt radial power distribution sys- 
tem, but there were other more serious 
problems to be solved. 

While the load in building B both as re- 
gards amount and location was fairly well 
fixed before construction started, the situ- 
ation with regard to building A was quite 
different. Here, for a variety of reasons, 
the final total of connected load could not 
be estimated at all closely and the layout 
was undergoing continual changes. Fur- 
thermore, due to the fact that the work 
for which this building was being erected 
was of a temporary nature, the distribu- 
tion had to be laid out so that the build- 
ing could be converted readily to a quite 
different type of manufacturing. In addi- 
tion all concerned were interested in keep- 
ing costs to a minimum consistent with 
the conditions to be met. 


Proposal 


Mr. G. R. Langley, the chief engineer 
of the Peterborough Works, proposed the 
use of a number of unit substations with 
the primaries of the transformers con- 
nected into a 6,600-volt loop or ring main, 
and with the 575-volt secondaries inter- 
connected to form a network. The light- 
ing also was to be decentralized with the 
lighting transformer primaries supplied 
from the network. This scheme was 
adopted as a cost analysis showed that it 
would reduce the first cost and offer other 
advantages. While the idea of using a 
low voltage network for industrial dis- 
tribution is not new, we believe that the 
scheme proposed has novelty in the use of 
the primary loop combined with a second- 
ary network with simplified protection. 
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\50-KVA 
[___ CAPACITOR | 


Figure 2. Diagram of sub- 
station internal connections 


Actually it is an adaptation of the primary 
network idea as propounded some years 
ago by Mr. D. K. Blake and others of the 
General Electric Company.' A recent 
paper? pointed out that an industrial net- 
work must differ from the well-known 
120/208-volt metropolitan type of net- 
work in that with the former, secondary 
cable faults cannot be allowed to burn 
themselves off. Thus protective means 
must be employed at each end of each 
secondary tie. The network diagram ac- 
companying the above-mentioned paper? 
showed the network ties used simply as 
ties and protected by fuses or current 
limiters. The power feeders were taken 
off busses through air circuit breakers and 
network protectors were used between the 
busses and the transformers. Our system 
is admittedly not designed for uninter- 
rupted service due to tie faults and sim- 
plifications were made in using the ties 
themselves as busses protected at each 
end by air circuit breakers and omitting 
the network protectors. So far as we are 
aware no similar system is at present in 
use in Canada or in the United States. 


Evolution of Distribution System 


Enquiries among other plants and at 
one plant in particular which had about 
the same type of load and approximately 
the same proportion of lighting, electric 
heating, and power load as we anticipated 
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in building A, showed that we might ex- 
pect a load factor of close to 50% and a 
power factor of between 70 and 75%. 
With a radial distribution system, allow- 
ance for growth and spare capacity would 
have necessitated the installation of 
about 4,500 kva in transformers for build- 
ing A and between 2,000 and 2,500 kva for 
building B. With the network and loop 
system however, the ease with which a 
future additional substation can be con- 
nected into the system, together with its 
load dividing properties enables a con- 
siderable saving in transformer capacity. 
Incidentally this feature dispenses with 
one of the bug-bears of consulting engi- 
neers, namely the difficulty in drawing a 
mean between risk and over-conservatism 
in deciding upon transformer capacity. 
The capacity decided upon in our par- 
ticular case was 3,600 kva for building A 
and 1,800 kva for building B. Investiga- 
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tion showed 600 kva to be the most suit- 
able transformer size which meant a 
total of nine unit substations. 

Consideration was given to using oil- 
cooled transformers in vaults below the 
floor level but it was found to be cheaper 
to use Pyranol filled transformers in the 
same enclosure with the switching.. Floor 
space has minimum manufacturing value 
in the area along the line of the building 
columns where it cannot readily be serv- 
iced by cranes. Thus placing the sub- 
stations on the floor backed against the 
columns represents no appreciable waste 
of space. 

Figure 1 shows the approximate loca- 
tion of the substations in the buildings to- 
gether with the 6,600-volt and 575-volt 
interconnections. Originally it was in- 
tended to have all the nine substations 
on one loop but a separate power contract 
for building A made it necessary to have 
two loops. This works out quite well 
however, as the wire building loop allows 
for the addition of three more substations 
in a future building alongside it so that 
actually the 6,600-volt cables for the two 
loops are identical. 

The 575-volt switching in each station 
consists of four 400-ampere air circuit 
breakers of the dead-front type mounted 
two high as shown in figure 3. A 
low tension hook-operated disconnecting 
switch is provided for disconnecting the 
transformer from the air breakers, as 
shown on the top right of figure 3, while 
the two disconnecting switches appearing 
at the top left and centre permit the iso- 
lation of any section of the loop cable and 
also serve to disconnect the high voltage 
side of the transformer from the two ends 
of the loop. 

It was mentioned earlier that the power 
factor to be expected in building A was 
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Figure 3. Front view 
of 600-kva unit sub- 
station 


between 70 and 75%. Each of the six 
substations in this building therefore is 
provided with a 150-kva capacitor con- 
trolled by the dead-front quick-break, 
fused knife switch showing at the left 
centre of figure 3. This is all the equip- 
ment provided in the substation except 
for one current transformer and some test 
links. Figure 2 shows the connections for 
the complete substation. The three sub- 
stations in building B are identical with 
those in building A except for the omis- 
sion of the capacitors. 

Various designs of substation structure 
were considered and the final decision was 
to enclose transformer and switching in 
the same enclosure. This arrangement 
tends towards compactness as is evi- 
denced by the dimensions which are 7 ft. 


Figure 4. Internal 
view of 600-kva unit 
substation showing 
transformer, capaci- 
tor rack, and air cir- 
cuit breakers 
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8 in. width, 8 ft. 6 in. depth, and 8 ft. 4in. 
height. All wiring in the building for the - 
6,600-volt loop and the 575-volt network 
is overhead and the conduits are brought 
down the building column and through 
the roof of the substation. 

Figure 1 shows the 575-volt intercon- 
nections between stations and the various 
stub feeders. From junction boxes, taps 
are taken to 50-kva single-phase Pyranol 
filled lighting transformers and to GE 
Trumbull Swing-Wa power panels. In 
one case in building B where a number of 
controls for large motors are placed in an 
enclosed force-ventilated control room, 
two runs of Trumbull Flex-a-power are 
used between the substations these runs 
passing through the control room, and 
connections for the controls are made to 
them. 


Protection 


Considerable study was given to the 
protection of this distribution system 
against faults in any part of it. Experi- 
ence with our present system has shown 
that faults are extremely rare in the 6,600- 
volt cables and transformers, and this in 
conjunction with the fact that the rare 
short interruption of power is not particu- 
larly serious with the type of manufac- 
turing involved, permitted simplified 
protection. The oil circuit breakers at 
either end of each loop are equipped with 
inverse-time induction type relays with 
instantaneous attachments. The loop 


cables are large enough to feed all stations 
on the loop from one end, and as already 
mentioned, disconnecting switches are 
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| Bcovied at each station so that any sec- 

tion of cable may be isolated. A tem- 

| perature detector in the transformer wind- 

| ing will ring an alarm upon any serious 

_ temperature rise and should it become 

_hecessary to remove a transformer for ex- 

; amination or repair before a major fault 

_ develops, it can be removed from service 

_ without dropping load except on the stub 
feeders, by the following routine: 


1. Trip the four 575-volt air circuit break- 
ers to remove load from the transformer. 
2. Open the loop disconnecting switches. 


PS. Open the 575-volt disconnecting switch 
ae disconnect the transformer high tension 
eads. 


4. Reclose the loop disconnecting switches 
and the four air circuit breakers. 


An actual fault on either transformer or 
loop cable will open the loop oil circuit 


breakers and interrupt power for a short 
period but, as already mentioned, the in- 
convenience of such a shut-down does not, 
under our conditions, justify guarding 
against it. 

The air circuit breakers in the network 
are provided with combination inverse- 
time and instantaneous overload trips 
which will give adequate selective protec- 
tion. Calculations of fault currents have 
been made which indicate the maximum 
short-circuit current from all six stations 
at the terminals of any one of the air cir- 
cuit breakers to be within safe limits. 
They also show the possible currents at 
the load side of the Swing-Wa power 
panels to be within the known tested rat- 
ing of the standard cartridge fuses used. 
Actually the calculated fault currents are 
sufficiently low to allow considerable ex- 
pansion beyond the six stations and indi- 
cate the feasibility of networks of larger 
capacity with the same standardized de- 
sign of unit substation. 

To provide peak load control, which 
may or may not be generally required, 
the network air circuit breakers are pro- 
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vided with shunt trips and a multi-con- 
ductor control cable is run from the oper- 
ating room in the steam plant, allowing 
the operator to dump any section of the 
load if the contracted ten minute peak 
demand is liable to be exceeded. The 
stub feeders can obviously be discon- 
nected without disturbing the network 
and in the case of the wire building where 
mention was made of two 575-volt net- 
work ties running through the large motor 
control room, one of these can be dis- 
connected at each end dumping half the 
rubber mills but leaving the other half in 
operation on the other tie. 


Direct-Current Supply 


Direct current power is usually re- 
quired for operation of cranes, boring 
mills, and certain other machines. In 


Figure 5. General view showing small space 
occupied by 600-kva unit substation 


our case this power is supplied by motor- 
generator sets the induction driving mo- 
tors of which are supplied from the net- 
work. With the load dividing feature of 
the network system such motor-generator 
sets can be connected into any conveni- 
ent point close to the machines to be 
supplied without the prior thought neces- 
sary with radial feeders. 


Comparison of Costs 


In making a cost comparison between 
the network system described above and 
the radial system we would otherwise 
have installed we were fortunate in hav- 
ing access to the actual cost of a radial 
system recently installed in an Ontario 
plant of floor plan and area similar to 
building A in our plant. With the radial 
system the transformer capacity for build- 
ing A alone would have been at least 
4,500 kva and the costs from the other 
plant have been adjusted to this capacity. 
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On this basis the network system showed 
a saving of 181/.%,. 

With the present radial system in our 
plant it has been the practice to use re- 
duced voltage starters on all squirrel- 
cage induction motors of 50 hp and larger. 
The excellent voltage regulation charac- 
teristics of the network system, however, 
made reduced voltage starters unneces- 
sary and the omission of these brought 
the saving with the network system to 
221/.%, representing a figure in excess of 
$22,000 for building A alone. 


Conclusion 


The saving in capital expenditure real- 
ized by the use of the network system 
just described is sufficiently attractive in 
itself, but when this saving is coupled to 
the many other advantages the system 
offers, there seems to be good reason to 
expect its wide adoption. 

Many plants in these days are faced 
with expansion problems similar to ours 
and itis hoped that our experience may be 
of value to others. The flexibility of the 
network system for increasing loads was 
impressed upon us recently by difficulties 
encountered with one of our existing ra- 
dial substations in which the power trans- 
former bank was seriously over-loaded. 
This substation had been built to take 
care of what at the time was thought to 
be ample future growth but it is now in- 
adequate both in installed capacity and 
space for extension. In order to relieve 
the overloaded transformer bank it was 
necessary to split the 575-volt bus and 
feed part of it from a small transformer 
bank of incorrect characteristics for par- 
alleling located in the test department 
substation several hundred feet away. 
Had we had a system similar to the one in 
our new buildings it would have been an 
easy matter to build another unit station 
and to connect it into the 6,600-volt loop 
and the 575-volt network. 

The saving in transformer capacity, 
the saving in reduced voltage starters due 
to the good regulation, the high salvage 
value of equipment, and the simplicity of 
protection with the low-tension network 
and high-tension loop system of distribu- 
tion have already been mentioned. 
These merits should assure its wide adop- 
tion in industrial plants. 
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An Improved Frequency Meter for 


Commercial Power Frequencies 


K. J. KNUDSEN 


MEMBER AIEE 


Synopsis: While frequency meters of prior 
type admirably serve the purpose for which 
they are intended, their construction has 
been such as to necessitate the use of an ex- 
ternal reactor. This external reactor is in 
most cases not objectionable, but for certain 
applications, where space is at a premium, 
a self-contained instrument is preferable. 

This paper describes a frequency meter in 
which the external reactor has been elimi- 
nated by using an iron-core cross-coil instru- 
ment, the iron core serving the purpose of 
the normally external inductance, at the 
same time shortening the high reluctance 
air gap necessary for the moving coils. 


Introduction 


SING an iron core greatly reduces 
the ampere turns necessary to estab- 
lish an adequate field intensity, which is 
proved by the fact, that while the power 
necessary to operate frequency meters 
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Schematic diagram of frequency 
meter 


now being used range from 2.5 to 7.5 
watts, depending on the design, this in- 
strument consumes a maximum of 0.8 
watt at 115 volts, or one-third the power 
of the prior instrument using the lowest 
power. 

While the power consumption in most 
cases is insignificant with respect to the 
loss, it is important that a self-contained 
instrument use no more power than can 
be readily dissipated within the confine- 
ment of the case. Low power loss also 
simplifies compensation, as there is little 
change in temperature from the moment 
the instrument is energized till the tem- 
perature of the coils have reached con- 
stancy. In a self-contained instrument 
compensation is further simplified, be- 
cause all components are mounted within 
the same container and therefore exposed 
to the same ambient temperatures, while 
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if an external reactor is used, means must 
be provided to compensate for a possible 
difference of the temperature of the in- 
strument proper and that of the reactor. 


Theory 


Referring to figure 1, the moving coil A 
is connected in series with the field coils 
F and therefore tends strongly to align 
itself with the magnetic flux in the air 
gap, the current through the coil being 
in phase with the flux. The capacitor C 
in series with the compensating resistor 
R, causes the resultant current in moving 
coil B to be 90 degrees out of phase with 
the air gap flux at the frequency cor- 
responding to the center point of the 
scale. As the frequency varies from the 
center scale value, the power factor of the 
current in coil B will change, due to the 
altered impedance ratio between the field 
coils and the capacitor, resulting in a 
clockwise or counterclockwise deflection 
of the pointer, as the frequency increases 
or decreases. 

As the power factor of the field coils, in 
series with coil A, is approximately 25 per 
cent, and the power factor of the current 
through coil B is about 97 per cent, four 
times as many turns, of correspondingly 
smaller size, may be used in coil B than 
in coil A for an equal heat loss in the two 
moving coils, resulting in a high order of 
deflection for a small change in power 
factor of the current in coil B. 

The iron core is made from laminated 
“47-50” nickel iron due to its high resist- 
ance to corrosion and ease of stamping. 
Damping is provided by an aluminum 
vane moving through a strong unidirec- 
tional magnetic field established by an 
Alnico magnet. 


Comments on Accuracy 


The primary function of a frequency 
meter is, as the name implies, to indicate 


the frequency of an a-c circuit. Many 
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causes tend to give an indication differing 
from the actual frequency, the most im-_ 
portant of these are: Fluctuation of the 
line voltage, ambient temperature 
changes, and distortion of the voltage 
wave of the circuit. 

Compensation for voltage influence has 
been accomplished by a high ratio of 
torque caused by the current flowing 
through the moving coils, to the torque of 
the ligaments connecting the moving coils 
to the stationary circuits. Figure 2 is a 
graph showing the voltage errors from 90 
to 140 volts. 

While conducting tests for voltage 
error on a number of instruments, some 
instruments would indicate erratically 
when high voltage was applied at certain 
frequencies. It was found that the two 
ligaments at one end of the moving coil 
assembly would short-circuit due to vibra- 
tion of one of the ligaments, the vibra- 
tion being set up by interaction between 
the magnetic flux in the air gap and the 
current through the ligament. The dif- 
ficulty was overcome by cutting a turn 
of the ligament, thereby increasing its 
natural vibratory frequency above the 
measuring range of the instrument. 
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Figure 2. Voltage error curves 


There are two main reasons for errors 
due to ambient temperature changes, they 
are: Resistance changes of coils and 
capacity changes of the capacitor used 
for tuning the field. In order to offset 
these errors, which have to be com- 
pensated simultaneously, a high tem- 
perature coefficient resistor is connected 
in series with the capacitor, thereby main- 
taining a constant phase relation between 
the current in the deflecting coil B (figure 
1) and the magnetic flux in the air gap for 
a given frequency, at varying ambient 
temperatures. 

It is important that a high-grade ca- 
pacitor be used for an instrument, the pur- 
pose of which is to indicate small changes 
of reactance due to frequency changes. 
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Figure 3. Capacitor-temperature capacity and 
temperature-power-factor curves 


If considerable change of capacity would 
be caused by normal changes in ambient 
temperature, the instrument would be 
worthless as a frequency indicator; for 
this reason an oil-filled capacitor has been 
used, which has low and almost uniform 
temperature coefficient of capacitance 
within the normal range of temperatures. 
Figure 3 shows the capacity-temperature 
curve of the capacitor, and in addition 
the power factor-temperature curve. It 
will be noted that the power factor is 
almost constant within the measuring 
range, thus aiding the stability of the cir- 
cuit. 

As the temperature coefficient of ca- 
pacitance is positive, it partly offsets the 
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Figure 4. Temperature error of frequency 
meter 
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tendency of the instrument to read high 
at high temperatures, due to the in- 
creased resistance of the copper coils in 
the field circuit. Satisfactory compensa- 
tion can be obtained between minus 20 
and plus 45 degrees centigrade, by using 
a resistor in series with the capacitor, the 
temperature coefficient of the resistor 
having been adjusted to offset the com- 
bined causes tending to give an erroneous 
reading due to changes in temperature, 
Figure 4 shows the temperature error 
before and after compensation. While 
the capacitor has been under observation 
for a year, no change of capacity due to 
aging has been detected; it is however 
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Figure 5. Third harmonic error 


felt that insufficient time has passed to 
give exact data on aging characteristics. 

As the inductive reactance of the field 
circuit increases proportional to the fre- 
quency, and as the deflection of the 
pointer is caused by interaction between 
the moving coils and the magnetic flux 
of the field circuit, it will be seen, that the 
lower the harmonic present in the voltage 
wave, the greater is the tendency to in- 
dicate erroneously. Tests have been con- 
ducted to determine the effect of the third 
harmonic on the accuracy of the instru- 
ment, because this harmonic is the lowest 
commonly encountered in commercial 
supply lines. Figure 5 shows the error 
caused by varying magnitudes of third 
harmonic; changing the phase relation 
between the fundamental frequency and 
the third harmonic through 120 electrical 
degrees had no appreciable influence on 
the error indicated. 

While the third harmonic influence 
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seems rather high, it should be realized 


that the third harmonic, which is gener- 
ally introduced into the voltage wave by 
the excitation of iron-core equipment due 
to the increased current at high satura- 
tion, seldom exceeds five per cent. 

A four per cent seventeenth harmonic 
tooth ripple, present in the voltage of the 
generator used for calibration, had no in- 
fluence on the accuracy, the indication 
being the same after eliminating the 
ripple by means of tuned by-pass filters. 


Calibration 


In order to obtain accurate calibration 
of the instrument without waste of time 
a multivibrator was used, having steps 
of 87,480, 29,160, 9,720, 1,620, 540, 180, 
and 60 cycles. The multivibrator is 
crystal controlled to one cycle in five 
million, its accuracy ascertained by com- 
paring the time indicated by a syn- 
chronous electric clock, connected to the 
60-cycles output stage, with radio time 
signals. 

While the method of determining one 
frequency by its harmonic relation to 
another is not new, it is felt that it has 
been limited to a ratio, where it was pos- 
sible to count the loops on the screen of 
the oscillograph. In the case where the 
harmonic ratio is more than 150 to one, 
counting the loops would be impossible 
without auxiliary means; a detailed de- 
scription is therefore given of the method 
of calibration. 

The instrument is calibrated by con- 
necting the horizontal sweep circuit of an 
oscillograph to the 9,720-cycles stage of 
the multivibrator, and the vertical sweep 
to the variable speed generator used for 
calibration, the vertical sweep being am- 
plified to extend beyond the limit of the 
screen, so as to show only two or three 
loops of the horizontal sweep, as in- 
dicated in figure 6. 
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Figure 6. Harmonic oscillograph sweeps 
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Figure 7. Schematic diagram of auxiliary 
frequency meter 


As the frequency of the multivibrator 
is the 162nd harmonic of 60 cycles, some 
means must be employed to determine 
that the proper harmonic is used, there 
being only four-tenths cycle approxi- 
mately between harmonics as compared to 
60 cycles. A high-resistance voltmeter 
is connected in series with the 60-cycles 
stage of the multivibrator and the variable 
speed generator. The generator is ad- 
justed until a steady reading equal to the 
sum of the voltages of the two supplies 
is obtained on the voltmeter. This read- 
ing is only obtainable when the voltages 
are synchronous and 180 degrees out of 
phase, the harmonic indicated on the 
screen must therefore be the 162nd. 

In order to keep track of the harmonics 
used for calibrating the scale, an auxiliary 
frequency meter is used. The basic cir- 
cuit of this instrument, shown in figure 
7, is the same as that of the instrument 
under test, except that the restoring 
torque is provided by springs; the in- 
strument is therefore accurate at only 
one point of the scale, the deflection at 
other points being dependent on the line 
voltage. An adjustable capacitor is used 


Figure 8. Frequency meter dynamometer 
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for adjusting the auxiliary instrument to 
center scale when the proper harmonic is 
found, by means of the voltmeter, at 60 
cycles. As the sensitivity of the instru- 
ment is in the order of one-tenth cycle for 
full-scale deflection, it will be completely 
off scale if a wrong harmonic is used for 
calibration, and exact adjustment to cen- 
ter scale is therefore not necessary. 

After the auxiliary instrument has been 
calibrated to 60 cycles, the setting of the 
adjustable capacitor is recorded and the 
speed of the generator is then slowly 
changed until the next harmonic appears 
on the screen. The auxiliary indicator 
again adjusted to center scale and the 
setting of the adjustable condenser re- 
corded. Other points are determined in 
the same manner. By using harmonics 
from the 149th to the 177th, 29 points on 
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Figure 9. Frequency meter in six-inch case 
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the scale can be exactly calibrated and 
actual scale divisions determined by inter- . 
polation. Any harmonic can be readily 
redetermined by setting the adjustable 
capacitor to the proper value and adjust- 
ing the generator to the harmonic that 
permits the auxiliary indicator to read 
near the center of the scale. 

Proper full-scale deflection of the fre- 
quency meter under test is obtained by” 
connecting a calibrated resistor in parallel 
with either coil B or coil A (figure 1), 
thereby weakening either the deflecting 
or the restoring torque of the cross-coil 
moving element as the case may demand. 


Figure 10. Auxiliary frequency meter in five- 
inch case 


Table I shows the frequency and speed 
in revolutions per minute of a four-pole 
generator corresponding to the harmonics 
being used for calibration, it is included 
for the convenience of those, who may 
desire to use the same method of calibra- 
tion. 


Explanation of Pictures 


Figure 8 is a photograph of the dyna- 
mometer; the damping magnet has been 
removed to give a better view of the 
cross-coil assembly and the parallel pole 
faces of the iron core. 

Figure 9 shows the instrument mounted 
in a standard six-inch switchboard case, 
it has been calibrated in revolutions per 
minute of a four-pole generator. 

Figure 10 shows the auxiliary frequency 
meter mounted in a five-inch case, the 
black center line has a width of approxi- 
mately 0.01 cycle. 


Conclusion 


From the foregone description it is seen, 
that a self-contained frequency meter can 
be produced, the over-all accuracy of 
which is better than two-tenths cycle in 
60 cycles, permitting a third harmonic 
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nection with quick automatic reclosing. 

The jaw contacts of the isolating switch 
are mounted on the cap of the porcelain 
cone of the current transformer; this cap 
is purposely made extra heavy in weight 
and is supported on rubber bushings to 
minimize mechanical shock to the porce- 
lain due to fast operation of the switch 
blade. The jaws are full-floating and 
swivel to facilitate cracking of ice film in 
opening; a large sleet hood also covers 
the contacts. 

The interrupter has three identical in- 
terrupting elements in series in the 138-kv 
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kv to 15 kv built by the Eastern Power 
Devices Limited, in Toronto. 

The diagrams of each type are num- 
bered 1 to 7 to show the sequence of opera- 


| papers heretofore presented be- 
| fore the Institute on the subject of 
air blast circuit breakers have covered 
_ primarily their advantages in comparison 


with oil circuit breakers, the principles tion. breaker and six in the 230-kv breaker. 
_ involved in current interruption by air Each element has two stationary con- 
blast, descriptions of interrupters devel- Type “A” tacts bridged by one movable contact 


thus making two breaks in series per ele- 
ment. The movable contact is rigidly 
secured to a steel piston rod and piston 


oped by several manufacturing com- 
panies, the results of tests and related 
data. It is considered opportune to give 


Photograph A shows one of the 138-kv 
breakers in service. Figure 14 is a dia- 


an account of several other types of air 
blast circuit breakers ranging in voltage 
from 4 kv to 230 kv as developed and 
built by certain manufacturing com- 
panies in Canada and the United States 
in collaboration w th a large power com- 
pany. The first machine of this general 
type was a 138-kv air blast breaker 
placed in service in 1934 at the Beauhar- 
nois generating station on lines to Mon- 
treal, this breaker having continued in 
service for six years successfully inter- 
rupting all faults; three additional break- 
ers of the same general design with im- 
proved details have been placed in service 
at this station in later years. 

Breakers of four types built by three 
manufacturing companies, all breakers 
having certain general features in com- 
mon, will be illustrated by photographs 
and diagrams. In all of the breakers de- 
scribed, the general design of interrupting 
contacts is the same. This arrangement 
of contacts is suitable for the use of arc 
chutes utilizing any one of the elemen- 
tary principles of pneumatic arc extinc- 
tion or combinations of such principles. 

Types marked ‘‘A” include breakers 
for 138 kv and 230 kv built by the Eng- 
lish Electric Company of Canada. 

Types marked ‘‘D” are 69-kv breakers 
built by the same company. 

Types marked ‘“‘B” are breakers of 
15 kv to 37 kv built by the I-T-E Circuit 
Breaker Company, in Philadelphia. 

Types marked ‘‘C” are breakers of 4 


gram of this breaker in the open position 
showing the main parts which are: the 
tank storing air at 100 lbs. per sq. in., the 
interrupter, and the isolating switch. In 
figure 2A the closing coil is being ener- 
gized to close the breaker by admitting 
air from the tank to the cylinder and pis- 
ton which closes the isolating switch. 
This coil is extremely small and becomes 
fully energized in a fraction of a cycle. 
The coil only has to move its plunger 
about one-eighth inch uncovering a port 
of one-eighth inch diameter, releasing 
about one-quarter cubic inch of com- 
pressed air from under a rubber dia- 
phragm of about two inch diam. which is 
blown open by the opposing air pressure 
on the other side, thus opening the valve 
which admits air from the tank to the iso- 
lating switch cylinder and closes the 
switch. The cylinder of each pole is 
mounted under the bedplate of the inter- 
rupter, at line potential, as close as pos- 
sible to the switch blade operated by a 
short link. Electrical, pneumatic, and 
mechanical inertia are reduced to the 
practical limit thus minimizing the clos- 
ing time. A standard auxiliary switch to 
perform the usual functions, is operated 
from the isolating switch blade by a 90- 
degree rotation of the same porcelain tube 
(of one inch inside diameter) conveying 
closing air to the switch cylinder. Pro- 
vision is also made for raising and lower- 
ing this porcelain tube one inch, to 
perform additional functions in con- 


distortion of ten per cent, a voltage 
fluctuation of 90 to 140 volts, and an 
ambient temperature range of minus 10 
to plus 40 degrees centigrade. The power 
consumed being eight-tenths volt-ampere 
at 97 per cent power factor. 
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As the complete instrument can be in- 
stalled in a 31/.-inch case, it is well 
adapted for use where space is limited. 
The elimination of an external reactor 
reduces the work involved in wiring and 
installation. 
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working in a bronze cylinder insulated 
from adjacent cylinders. Figure 3A 
shows the breaker in the closed position. 

As shown in the photograph A, the 138- 
kv breaker has one tank and three blast 
valves. The 230-kv breaker has three 
separate tanks to facilitate shipping and 
erecting the greater length. The 230-kv 
breaker is built up with the same parts 
as the 138 kv and almost all of the parts 
are interchangeable. Due to the greater 
height, the 230-kv interrupter is brazed 
with diagonal stacks of standard switch 
insulators. 

The blast valve which is the same for 
230 kv and 138 kv, is built into the side 
of the tank with an inlet of about three 
square feet section. The outlet of the 
valve is a funnel-shaped orifice of about 
8” diameter at the valve seat which is 
normally closed by a thick rubber dia- 
phragm about 20” diameter, reinforced 
by a light steel disk vulcanized to the 
rubber. The diaphragm moves down 
about one inch to fully open the valve. 
Air pressure at 100 lbs. is maintained 
underneath this diaphragm, to hold it 
closed. The volume of air under the 
diaphragm is less than one-twelfth of a 
cubic foot. To open the breaker this 
small volume of air is exhausted to atmos- 
phere by two or three one-inch diameter 
orifices each normally held closed by a 
diaphragm and coil of the same size as 
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Figure A. General view of 138-kv air-blast 
breaker 
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Figure 6A. Arc extinguished, isolator mov- 
ing open 


that described in connection with the 
valve used for closing the isolating switch. 
The weight of the moving parts of the 
blast valve is small, less than 5 pounds 
and the accelerating force is about 10,000 
pounds, which gives an acceleration of 
about two thousand times that of gravity, 


870 TRANSACTIONS 


Figure 1A. Breaker in the normal open posi- 
tion 
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Figure 7A. Valves reset, breaker normal 
open 


This accounts for the very fast opening 
of these breakers, about one-sixtieth of a 
second from energizing the trip coil until 
parting of contacts, which of course is 
fast for a breaker of this large size. The 
interrupting element also contributes to 
this short opening time, the moving part 
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Figure 2A. Closing coil energized, isolator 
moving 
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Figure 5A. Interrupter pistons open, arc 


drawn 


High-voltage air-blast breaker 


For this type of breaker there are three 
interrupting elements in series, each 
individually air-operated 


having a weight of less than ten pounds 
and an accelerating force of about 2,000 
Ibs. 

Figure 4A illustrates the conditions 
during the opening of the interrupter. 
The blast valve is open; a wave of air 
pressure is travelling up the porcelain 
blast tube, compressing the atmospheric 
air standing in the tube and header in the 
interrupter structure, similar to a sound 
wave, blasting the interrupter pistons to 
the left, opening the contacts and inter- 
rupting the ares. A pressure wave is also 
travelling through a half inch pipe to the 
isolating switch cylinder but it cannot 
reach the cylinder in less than several 
cycles, leaving ample time for the inter- 
ruption of the arcs before the isolating 
switch parts contact. This is shown in 
figures 5A and 6A. 
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Figure B. General view of 35-kv air-blast 
breaker 


Figure 3B. Breaker in normal closed position 


Medium-voltage air-blast breaker 


This type of breaker uses only 
a single blast valve for all 
three phases and only one 
interrupter element per phase 
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Figure 1B. Breaker in the normal open posi- 
tion 


Figure 4B. Opening coil energized air fill- 
ing blast tube 
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Figure 6B. Arc extinguished, isolator moving 
open 
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Figure 2B. Closing coil energized, isolator 
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Figure 5B. Interrupter pistons open, arc 
drawn 
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Figure 7B. Valves reset, breaker normal 
open 
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Figure C. General view of 12-kv air-blast Figure 1C. Breaker in the normal open posi- Figure 2C. Closing coil energized, isolator 
breaker tion : moving 
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Figure 6C. Arc extinguished, isolator moving Figure 7C. Valves reset, breaker normal Figure 8C. OCO 
open open 

Low-voltage air-blast breaker 

In this type of breaker the main blast diaphragm operates the three phases of the interrupter elements 


air trip-free valve draining 
closing air 
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As the isolating switch is almost fully 
open, its auxiliary switch opens the trip 
circuit and the spring in the trip coil 
closes the trip valve permitting the re- 
establishing of pressure under the blast 
valve diaphragm by the flow from the 
tank. It has been found unnecessary to 
provide an area under the diaphragm 
greater than the area on top of it in order 
to make the diaphragm reseat, because 
there is an ejector effect which reduces 
the pressure near the center of the dia- 
phragm due to the high velocity of the 
discharge and the diaphragm reseats 
promptly when the trip circuit is opened. 
Means have been developed for auto- 
matically shutting off the infeed of air 
from the tank to the lower side of the 
diaphragm while exhausting that space 
through the trip valve, but in service it 
has been found that satisfactory timing 
is obtained without such device. In gen- 
eral, the breaker can be blasted several 
times in quick succession before the tank 
pressure is reduced below the safe operat- 
ing limit. When several breakers are 
installed in the same station, a common 
auxiliary storage tank is provided which 
quickly restores pressure in the breaker 
tank after which normal pressure is re- 
stored in the storage tank by the auto- 
matic starting of the compressor. 

The 230-kv and 138-kv breakers are 
well adapted to single pole operation as 
there is no mechanical connection be- 
tween poles. The switchboard operator 
can change the control from three-pole 
operation to single-pole operation by sim- 
ply turning a control switch. 


Type 6¢R? 


Photograph B illustrates a 35-kv 
breaker built by the I-T-E company 
which has been in successful service out- 
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doors in New England for about two 
years at a location near the seashore 
where the salt spray constitutes a test of 
insulation even more severe than the St. 
Lawrence River mists on the higher volt- 
age breakers. Figure 1B is a diagram of 
this 37-kv breaker in the open position. 
The interrupter has only one moving 
contact per pole; itis rigidly secured to a 
steel piston-rod and piston moving ver- 
tically in a cylinder which is at line po- 
tential. There is one blast valve and 
tank serving the three poles. The blast 
valve outlet divides three ways inside the 
tank and the three tubes pass through the 
tank to their respective poles. The blast 
valve is of the same general design as that 
of the higher voltage breakers, with cer- 
tain modifications in detail, including 
springs to accelerate reseating of the dia- 
phragm. The three poles of the isolating 
switch are operated by one cylinder at 
ground potential. 

Figures 1B to 7B show the sequence 
of operation of this breaker. All breakers 
described in this paper are equipped with 
a pneumatic trip-free device operated by 
blast pressure to shut off compressed air 
supply to the closing end of the isolating 
switch cylinder and exhaust the air 
trapped in the closing end. The exhaust- 
ing action is accelerated by the ejector 
effect of the nozzle in case the isolating 
switch closes on a short circuit. 

Breakers of this same type also have 
been built by this company for 15 kv and 
3,000 amperes. The current-carrying 
contacts are separate and part slightly 
before the interrupting contacts, all being 
rigidly fastened to the same operating 
piston-rod. In these breakers means are 
provided for surrounding the stationary 
contacts by air pressure to prevent pre- 
mature parting of contacts before the 


fj moving contacts have moved away. 


| NTR RRUP TOR 
j2Losen 


Ce EPER Baus 


v4 
g 
ra 
g 
We, 


- 
re 
my 
mA 
‘pt 
¥ 
> 
a 
J 
¢ 
y 
q! 
4 
t 
A 
4 
3 
f) 
fl 
¢ 
Fea 


“DBanns on 


SOC RORA ORE RGR RR CRRRERAE RECO Ree eaee 


Figure 9C. Opening sequence 
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Type “a” 


Photograph C illustrates a type of 
smaller breaker for 15 kv to 4 kv indoor 
service, 2,000 amperes, built by the East- 
ern Power Devices Limited. The main 
distinguishing feature of this type is the 
method of operating the interrupter con- 
tacts. The blast valve is of the same 
general design as in the other breakers 
except that the diaphragm has secured 
to its center, a steel operating tube which 
is rigidly connected to the interrupting 
contacts of the three poles through an in- 
sulating rod in each pole. When the 
valve diaphragm moves down it opens the 
blast and also mechanically opens the 
interrupting contacts. In order to insure 
that the contacts do not part before the 
blast arrives to interrupt the arc, a slight 
amount of slack is provided between the 
valve diaphragm and the operating rod so 
that the diaphragm moves down opening 
the valve part way before beginning to 
move the contacts. To minimize shock 
on the moving parts in opening, a spring 
is inserted between the diaphragm and 
operating tube. 

Floor space is minimized by placing the 
tank vertically on end, the blast valve 
constituting the lower end of the tank. 
The blast valve outlet is shown in the 
diagrams as a single tube but actually it 
divides three ways passing up through the 
tank and out the top end of the tank in 
equilateral triangular formation; each 
of the three vertically projecting blast 
tubes is a 4” standard pipe welded to the 
top of the tank and acts as the support 
for one pole of the interrupters. Each 
interrupter pole consists of a vertical 
cylinder of insulating material, 9” inside 
diameter which provides sufficient space 
for interrupting elements of ample ca- 
pacity. 
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Figure 10 C. Oscillogram of interruption 
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A 2,000-amp. breaker of this type has 
a width of only 2’6”. This design is well 
adapted to various indoor layouts of sta- 
tions and cell arrangements, including a 
draw-out arrangement of eliminating the 
usual disconnecting switches. This de- 
sign can also be turned upside down and 
adapted to go into cells built for the old 
style oil breakers with live parts at the 
bottom. 


Type LD ha 


Photograph D shows the general ar- 
rangement of 69-kv breakers built by the 
English Electric Company of Canada. 
It has one blast valve for the three poles, 
the valve being of the same design as the 
other breakers described. The blast tube 
passes horizontally through the tank to 
the external header tube parallel to the 
tank, serving the three poles through 
vertical stacks of porcelain blast tubes. 
Inside of each stack is an insulating op- 
erating rod opening and closing the inter- 
rupting contacts of the same design as 
in the other breakers. Each of these 
three operating rods is directly connected 
to a piston at the grounded end and in 
addition the three piston-rods are me- 
chanically tied together through short 
links and a common shaft. The three 
poles of isolating switch blades are oper- 
ated by a common cylinder at ground po- 
tential. The switch blade is a hollow 
bronze casting enclosing the hinge of a 
short toggle blade which makes a swivel- 
ing engagement with the stationary full- 
floating jaw contacts facilitating sleet 
cracking in opening. The blade is side 
opening facilitating sleet-hood protection 
and simplifying insulators, only two 
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Figure D. General 
view of 69-kv air- 
blast breaker 


stacks per pole being required. A simple 
arrangement of arcing contacts has been 
found satisfactory in closing on short 
circuits with negligible burning; the op- 
eration of the isolating switch is very fast. 


Operating Results 


The service record of breakers of this 
general design dates from 1934 when the 
first 138-kv breaker was installed. Since 
that time breakers of the several other 
voltages have been placed in service and 
the record is now equivalent to 20 
breaker-years of service. The number of 
breakers recently installed and on order 
is 30. There have been 15 breaker inter- 
ruptions reported in service, with no 
failures. 


Interrupting Ratings 


The 230-kv breaker is rated 2,500,000 
kva; single-pole interrupting tests on 
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sections of this breaker have shown in- 
terrupting capacity equivalent to more 
than 3,000,000 kva on the complete 3- 


The 138-kv breaker is 
69-kv breaker 


pole breaker. 
rated 1,500,000 kva; 
1,000,000 kva. 


Insulation 


The standard specifications for breakers 
of the several voltages are complied with. 


Operating Time 


The opening time is three cycles or less, 
from energizing of trip coil to current in- 
terruption. Reclosing time is within 20 
cycles from energizing trip coil. 


Operating Current 


Closing coil or opening coil takes ten 
amperes or less; can be reduced to one 
ampere. 
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‘The Shielding of Permanent Magnets 


From Transient Magnetic Fields 
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Introduction 


NSIDERABLE progress has been 
“wr made toward the development of 
. anent magnets which are immune to 
disturbing conditions, such as tempera- 
ture variation, mechanical vibration, 
natural aging, and extraneous flux fields. 
Contributions to this progress include 
new materials, improved processing tech- 
niques, and better manufacturing con- 
trols. 

Constancy of flux is in most applica- 
tions quite essential. This is particularly 
true of electromagnetic damping, in which 
the damping torque varies as the square 
of the air gap flux. The permanent 
magnet of a watthour meter is an example. 

Despite the fact that the modern per- 
manent magnet is remarkably stable, 
there have been cases in which the mag- 
nets showed changes in strength, generally 
becoming somewhat weaker. Isolated in- 
stances of such changes in watthour meter 
magnets have been found by the electric 
utility companies. 

About four years ago, evidence gathered 
by various utilities pointed to lightning 
discharges as the probable cause of the 
demagnetization. After initial laboratory 
tests failed to demagnetize meter magnets 
by passing surge currents through the 
windings alone, it was realized that the 
demagnetizing field was primarily caused 
by surge currents in the service wiring 
itself. Figure 1, curve 1 shows the amount 
by which forged chrome steel magnets 
are weakened by a single surge of the 
value indicated by the abscissa using the 
test setup shown on the figure 2. 

To date, there have been no extensive 
studies made of the magnitude and fre- 
quency of surge currents appearing on the 
secondaries of distribution systems. Fig- 
ure 3 shows expectancy curves for light- 
ning discharges in distribution system 
primary arrester ground leads from 
the investigations of McEachron and 
MecMorris.! These curves show that in 
rural areas a discharge of 5,000 amperes 
may be expected at any one arrester lo- 
cation once in 14 years and a 10,000- 
ampere discharge once in 30 years. In 
attempting to apply these expectancy 
curves to the distribution secondaries, 
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however, they should be considered as 
extremely pessimistic because of the re- 
duced exposure of the secondary circuit. 

It is evident from a consideration of 
the rarity with which high current dis- 
charges appear on distribution systems 
that any program designed to materially 
reduce the number of weakened magnets 
found on the system secondary must be 
applied to a large percentage of the total 
exposed installations. Thus, it would be 
desirable to protect not only new meters 
but also those in service. 

Since there are millions of standard 
forged steel magnets in service, it would be 
desirable that surge protected magnets 
should not require new techniques or 
tools to service them, 


High Coercive Alloys 


The problem of making permanent 
magnets impervious to transient magnetic 
fields has been solved in two ways by the 
various meter tanufacturers. One 
method has been to make the magnet 
from one of the new high coercive ma- 
terials, such as Alnico. The coercive 
force, H,, of these alloys ranges from 400 
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Figure 1. Demagnetization of chrome-steel 
magnets by transient currents 


41. Unshielded 

2. Plated with 0.002-inch thick copper 

3. Schoop sprayed copper 0.02-inch thick 

4, Copper clad (Roth process) 0.02-inch 
thick 

5. High-speed copper plate 0,019 thick 


Test waves 

Curves 1, 2, 3—24x40 microseconds 

Curves 4, 5—36x70 microseconds to 25,000 

amperes; 30x50 microseconds 25,000 to 

40,000 amperes; 20x35 microseconds over 
40,000 amperes 
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to 600 oersteds which means that when 
properly applied to a watthour meter 
such a magnet would withstand surges 
up to 25,000 amperes without appreciable 
weakening. Another advantage of these 
alloys over forged magnet steel is economy 
of space for a given air gap energy. 
However, before this advantage can be 
realized to any appreciable extent, the 
whole meter must be designed with this 
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Figure 2. Setup for surge tests on permanent 
magnets 


object in view. Also, a complete new 
magnet design must be made and manu- 
facturing processes developed in order to 
utilize the new alloys. 


Electromagnetic Shielding 


An alternate solution to the problem 
of transient fields and the one described 
in this paper is to use electromagnetic 
shielding around the existing forged steel 
magnets. While this principle of shield- 
ing is old,? it is felt that a description of 
its application to permanent magnets is 
new and may be of general interest. 

The requirements of an efficient elec- 
tromagnetic shield are: first, the shield 
must provide low resistance paths for the 
flow of eddy currents. Second, the 
shield must be continuous about the ob- 
ject to be shielded so the eddy currents 
can flow in any direction. 

The above requirements immediately 
suggest plating the magnets with copper, 
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since copper has low electrical resistance 
and a continuous sheath of the metal 
could be easily plated on steel. With the 
ordinary process of electroplating copper 
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Figure 3. Discharge currents in distribution 
arresters 


Number of years that may be expected to 
elapse for each discharge of at least the mag- 
nitude indicated through any one arrester 


from a copper sulphate solution, however, 
it is impractical to build up a coat more 
than 0.002” thick, and even this thickness 
requires upward of 24 hours plating time. 


Figure 4. Cross section of plated magnet 


Figure 1, curve 2 shows the shielding ef- 
fect of a 0.002” thick plated copper sheath 
using a 24x40 wave (24 microseconds to 
crest, 40 to half value). By comparing 
with curve 1 it will be seen that such a 
shield is quite effective against transients. 
Another method of applying a metallic 
coating is by the Schoop spray process. 
By this means metallic coatings of any 
desired thickness can be applied to mag- 
nets. Figure 1, curve 3 shows the shield- 
ing effect obtained by this method. Due 
to the porosity and consequent high 
resistivity of the deposited metal and the 
difficulty of obtaining a uniform coating, 
this method was considered inadequate. 
Good shielding can be obtained by the 
use of copper-clad steel made by any of 
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the standard commercial processes. Fig- 
ure 1, curve 4 shows the shielding obtained 
from a 0.020" thick layer of copper formed 
by the Roth process. This process con- 
sists of placing a properly fluxed billet of 
steel in a vertical mold. After heating 
the mold and billet to a red heat, molten 
copper is poured around the billet. The 
mass is then rolled to the desired bar 
size. The principal disadvantage of cop- 
per-clad steel for magnets is that the 
conductivity of the copper is lowered 
during the heat treatment of the magnet 
steel. Also, the copper coat is not. of uni- 
form thickness, which reduces its effec- 
tiveness. 


High-Speed Copperplating 


Early experiments with a new high- 
speed copper-plating process invented by 
the E. I. du Pont de Nemours Company 
gave results worthy of further investiga- 


Figure 5. Left, magnet before plating; 
right, magnet after plating 


tion. The high-speed copper-plating 
process plates from a hot alkaline bath 
consisting of copper and sodium cyanides 
and sodium hydroxide. The work is 
placed in a rotating barrel, the speed of 
which is regulated to obtain the best 
burnishing action on the copper as the 
magnets tumble over each other. 

With this process about 13.1 Ib of cop- 
per can be deposited in 11 hours on 65 
Ib of magnets. This corresponds to an 
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8 = 
CoppER THICKNESS —MILS 


Figure 6. Effect of copper thickness on 
shielding of chrome-steel magnets 
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average deposition rate of 0.0017” per 
hour. 

It was found in developing this process 
for the plating of magnets that the con- 
ductivity of the copper plating decreased 
very rapidly after the solution was used 
afew times. This condition was traced to 
an excessive concentration of sodium 
carbonates in the electrolyte. Excessive 
amounts of this compound also cause the 
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Figure 7. Effect of repeated 30x50 micro- 
second surges of 30,000 amperes on copper- 
plated chrome magnets 


deposit to be rough and pebbly. It was 
found necessary to periodically chill the 
solution and allow the carbonates to 
crystallize out. 

Figure 4 is an enlarged cross section of 
a plated magnet. 

In order to obtain the maximum cali- 
bration adjustment on the assembled mag- 
net, it is necessary to leave the upper pole 
tip unshielded. This is accomplished by 
placing a short length of rubber tubing 
over the upper pole tip before plating. 


Figure 8. A complete assembly of copper- 
plated magnets 


The tubing is thick enough to completely 
fill the air gap of the magnet, thus reduc- 
ing the amount of material to be removed 
in the final grinding. Figure 5 shows a 
magnet before and after copper plating. 
Since the effectiveness of the shielding 
depends on the resistance of the plating, 
this property is used to control the quality 
of the product. As absolute values are 
not necessary, the procedure is to measure 
the total ohmic resistance of the magnet 
between points just back of the poles 
using a Kelvin double bridge. The ad- 
dition of the copper plating reduces the 
total resistance from 340 microhms for the 
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HE current flowing in a short circuit 

in a simple a-c system can be ex- 
pressed as a function of time in the form 
of three exponentially decaying compo- 
nents and a term which is substantially 
constant. These components are termed 
the subtransient, the transient, the d-c 
components, and the steady-state com- 
ponent. In actual systems all these terms 
are affected to some extent by the number 
of machines and the phase angles between 
them and also by their excitations. The 
phase relations between machines may 
change during the period of short circuit 
and thus introduce further complications. 
Automatic voltage regulators also intro- 
duce another factor which tends to in- 
crease the short-circuit current, since 
their action causes increase in machine 
excitation. Consequently, the accurate 
determination of short circuit current at 
any instant may be and usually is quite 
difficult. 

Fortunately such rigorous calculations 
are not generally required to determine 
the proper application of interrupting 
devices and relay settings, for many 
other factors having greater proportional 
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effect than the variations cited above con- 
tribute to the determination of the limits 
for rational choice of circuit breakers, ex- 
pulsion protective gaps, fuses, etc. It is, 
therefore, perfectly proper and logical to 
make certain approximations in the cal- 
culation of short-circuit current to permit 
simple solutions of electrical systems for 
the purpose of applications of equipment. 
Such assumptions have been in general 
use for a considerable time and recognized 
by the electrical engineering profession.} 
An early approximation took the form of 
decrement curves which could be utilized 
if the reactances of the component 
branches of the system were known. As 
the knowledge of machine performance 
with the resolution of currents into the 
transient and subtransient components 
increased and the use of symmetrical com- 
ponents for unbalanced conditions became 
more generally known and accepted, the 
original decrement curves were revised? 
and placed on a more substantial basis. 
These curves, the present decrement 
curves, included provision for the deter- 
mination of three-phase, line-to-line and 
line-to-ground short-circuit currents. At 


the same time other and more elaborate 
approximations®4 were offered which, 
while ‘giving more accurate results, in- 
volved more extensive and complicated 
calculations, 

The growth and interconnection of sys- 
tems has resulted in a condition such that 
if the curves are applied according to the 
rules, values of impedance outside the 
range of the curves are often obtained, 
thus making the curves useless. Recourse 
was often made to certain expedients, 
such as the division of the system into 
several groups, each of which fed short- 
circuit currents into the short circuit in- 
dependent of the others. These were so 
chosen that all the generators in a certain 
group were approximately the same elec- 
trical distance from the fault. In addi- 
tion, frequent errors have occurred, even 
among those accustomed to the use of 
the curves, in confusing the kva of the 
arbitrarily chosen base on which calcula- 
tions are made, with the kva of the sys- 
tem. The need undoubtedly exists for 
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steel alone to approximately 75 microhms 
for the combination. 

Figure 6 shows the shielding effect of 
plated copper plotted against copper 
thickness. No appreciable increase in 
shielding is obtained after the coat is 
0.020” thick. 

Figure 1, curve 5 shows the shielding 
effect of a 0.019” thick plated copper 
shield using the surge values indicated 
on the figure. 

Figure 7 shows the effect of repeated 
surges of the same magnitude on copper- 
plated magnets. Since the resistivity of 
the steel is fairly low (40.5 microhms/cm‘), 
an appreciable amount of self-shield- 
ing is obtained from the steel itself. 
This means that the demagnetizing effect 
of the first surge is limited to the outer- 
most layer of magnet steel. After the 
surge has passed, the inner layers of steel 
remagnetize the outer layer, thereby 
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weakening the whole magnet. Succeed- 
ing surges continue the process of de- 
magnetizing fresh layers of steel until the 
demagnetized layer is so thick that the 
eddy currents induced in it are sufficient 
to prevent the further penetration of the 
transient flux. This is the same as saying 
that the demagnetization continues with 
succeeding surges until the intensity of 
the transient field minus the opposing 
intensity of the eddy current field equals 
the coercive intensity of the magnet ma- 
terial. 

A complete copper-plated magnet as- 
sembly is shown on figure 8. This mag- 
net is entirely interchangeable with 
unshielded magnets of similar design. 
Since the magnet material is the same as 
that used on unshielded magnets, the 
air gaps may be cleaned with magnetic 
cleaning tools without disturbing the 
calibration, 


Summary 


It has been shown that the problem of 
protecting permanent magnets from tran- 
sient magnetic fields has been solved in 
a unique manner by the use of a new high- 
speed copper-plating process to apply a 
high conductivity copper shield over the 
conventional forged steel magnets. 

Desirable features of this solution are 
complete interchangeability between un- 
shielded and shielded magnets; forged 
steel material is used, which is fairly easy 
to obtain and on which unlimited operat- 
ing experience is available. 
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the simplification, if possible, of the pres- 
ent methods of the calculation of system 
short-circuit currents. Fortunately, due 
to the increased use of higher speed circuit 
breakers and faster relaying, this need can 
be satisfied for an extremely large propor- 
tion of the present applications. It is the 
purpose of this paper to discuss this gen- 
eral problem and recommend simplified 
methods of calculation for different types 
of apparatus. 

The modern trend of practice is to speed 
up materially the clearing of short cir- 
cuits in order to reduce damage and main- 
tain continuity of service. But, in gen- 
eral, the more quickly a short circuit is 
cleared, the greater is the current to be 
interrupted. Thus it is quite easy, by 
speeding up the relay system, to jeopard- 
ize the breakers by requiring them to in- 
terrupt more current than that for which 
they were initially chosen. Also quite 
often there is a tendency to save invest- 
ment in breakers by the use of slow speed 
relays to take advantage of the decrease 
in short-circuit current due to its decre- 
ment with time, but even with slow speed 
relays, there is no guarantee that a short 
circuit will not change its character and 
initiate a high current flow in a breaker 
while it is opening. And there is always 
the danger of shortening the time setting 
of slow speed relays, which will tend to 
increase the interrupting duty on the 
breaker. Provision of breakers with inter- 
rupting capacity adequate for fast relay- 
ing is thus at least as essential a part of 
planning for the future as the usual allow- 
ance for increase in generating capacity. 

This being the case, the problem of 
interrupting device application resolves 
itself into a study of what happens in a 
system during the first few cycles of short 
circuit. Even with fast relaying, modern 
high speed breakers for 60-cycle systems 
may be expected to part their contacts in 
times no shorter than given below: 


8-cycle breakers—4 cycles (0.0666 second) 
5-cycle breakers—3 cycles (0.05 second) 
3-cycle breakers—2 cycles (0.033 second) 
2-cycle breakers—1 cycle (0.0166 second) 


In the above intervals of time, the effects 
of change in relative phase position and 
change in excitation from voltage regula- 
tors are negligible and permit eliminating 
their influence in the calculation of short- 
circuit values. Values so calculated will 
also be on the conservative side where 
some types of breakers in the above 
classes part their contacts in slightly 
longer times. ‘ 

Figure 1 gives, in the full-line curves, 
the magnitude of the three-phase short- 
circuit current expressed in terms of rated 
current for various reactances as obtained 
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from the present decrement curves, for the 
four instants specified; namely, 4, 3, 2, 
and 1 cycles which are related to the 8, 5, 
3, and 2-cycle breakers as discussed above. 
The rated current and reactances are 
based on the system kva. Curves are 
given for both the total rms current and 
the a-c component only, the difference be- 
tween the two being due to the d-c com- 
ponent. The larger the d-c time constant, 
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Figure 1. Comparison between decrement- 
curve calculations and calculations by the 
proposed method 


the more closely is the total rms curve 
approached and the smaller the d-c time 
constant, the more closely is the a-c com- 
ponent curve approached. The time con- 
stant of the d-c component for which 
these curves were made is 0.15 second or 9 


cycles. The d-c time constant may be 
expressed generally as equal to at ees 
27f R 


: ees 
in seconds, or —--— in cycles, where 
27 R : 


X is the 60-cycle reactance and R the d-c 
resistance to the point of fault. Although 

ratios vary considerably, representative 

values of the ratio X/R for the major cir- 

cuit elements for large equipment are 

given below. 


Corresponding 
Time Constant 


In In 
X/R Seconds Cycles 
Generators. ........5.- 80 0.21 . 13 
Current-limiting re- 

ACCOLS tee ietetera steteteleters DO mann O ae Betts) 
Transformers: «1/0... > 16. * 4... -0.04 7 3 
Transmission line....... AT tate ae Oled 0/0: 
Cables isctaccwemracinadets 1.0 0.003 2 Oe 


When any of these elements are connected 
in series relation the time constants of the 
combination become much smaller than 
that of a generator alone. Even a short 
length of transmission line has a marked 
effect upon the d-c component of current 
and a very appreciable effect upon the 
total short-circuit current. Table I shows 
the time constant of a particular com- 
bination for a fault at the generator, at the 
transformer terminals, and at two points 
out on an overhead line. 


The Power Circuit Breaker 
Interrupting Problem 


The reactances of figure 1 are based on 
the kva of the connected generator capac- 
ity. When the fault is near a generator 


‘the reactance is likely to be small and the 


d-c time constant large so that for small 
reactances the actual short-circuit cur- 
rent would approach the values given by 
the total current curves of figure 1. If, 
on the other hand, the fault is on the 
transmission line, the reactance is large 
and the time constant small. Thus, for 
large reactances the actual currents ap- 
proach the values given by the a-c com- 
ponent only. The intermediate curves 
(dotted) of figure 1 for circuit breaker 
opening times of 4, 3, 2, and 1 cycles 
have been computed by the relation 
LO/X*, LAX") V.2/X" ance ae 
respectively, in which X” represents the 
system reactance to the points of fault, 
subtransient reactances being used for 
all generators. The factors in the numera- 
tors were arbitrarily chosen so that the 
curves lay between the curves for the total 
current and a-c component of current, 
and so the values were numbers that can 
be remembered easily. 

In these curves the effect of the arc 
drop, which may be quite considerable in 
decreasing the d-c time constant, has been 
neglected. For a reactance of 30 per cent 
an are drop of only 1.5 per cent in com- 
bination with one-half per cent resistance 
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n the system is all that is required to re- 
duce the d-c time constant from the nine 
cycles used in the present decrement 
curves to three cycles. On a 440-volt basis 
this is equivalent to but 6.6 volts, a value 
that is easily attainable. A reasonably 
conservative value of are drop is about 20 
volts per inch so that on a 13,800-volt 
circuit, 1.5 per cent drop requires only 
about six inches of arc length. 

: Having shown through the medium of 

the decrement curves that the relations for 

4, 3, 2, and 1-cycle opening times apply 

quite well for simple systems, the justi- 

fication has been established for applying 
the same relations to more complex sys- 
tems. The use of these simple relations 
circumvents practically all the disad- 
vantages of the decrement curves enu- 
merated previously. With this method of 
calculating it is necessary only to obtain 
the equivalent reactance, expressed in any 
manner, regardless of the system, and 
apply the appropriate factor to the recip- 
rocal of the reactance. 

The foregoing simplified rules cover 
practically all applications. For the few 
remaining, it is sometimes desirable to 
know the short-circuit current for times 
longer than four cycles. For these special 
cases, the present decrement curves? or 
more elaborate methods may be util- 
ized.*}+>7 However, these methods are 
discouraged in favor of the rules proposed 
in this paper. 

In most cases, faults occur at a point 
in the system for which a certain amount 
of other apparatus intervenes between the 
generators and the point of fault, in which 
case, the d-c component decays rapidly 
and the actual current approaches the a-c 
component. Even if the fault occurs on 
a generator bus, it is likely that other 
generators contribute to the short-circuit 
current through transformers, transmis- 
sion lines, or cables. Therefore, the calcu- 
lated values of current will be conserva- 
tive for most cases. 

In extreme cases where all the fault cur- 
rent is produced by large generators lo- 
cated at the point of fault, an accurate 
calculation with all assumptions on the 
safe side might show values as much as 20 
per cent higher than the values given by 
this procedure. For the most conserva- 
tive practice, therefore, when this condi- 
tion is approached the results may be in- 
creased or other methods of calculation 
used. 

In the curves of figure 1 adequate allow- 
ance has been made for non-synchronous 
load. For most central station applica- 
tions, the additional contribution from 
synchronous motors will be negligible but 
where there is an appreciable contribution 
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from them, they should be taken into ac- 
count. In industrial applications, syn- 
chronous motor contribution may be of 
the same order of magnitude as that from 
generators and hence must be taken into 
account. 

Synchronous motors are usually oper- 
ated at about unity power factor; hence 
the voltage behind their subtransient and 
transient reactances is but little above 
terminal voltage. They tend to increase 
the power factor of the load; hence in- 
directly they reduce the internal voltage 
of the system generators. In general, 
they are much smaller units than genera- 
tors; hence all of their time constants are 
faster and the decay of their short-circuit 
current is more rapid. For all of these 
reasons, it is justifiable to make somewhat 
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Figure 2. Three-phase short-circuit current 
from generators fully loaded at rated power 
factor 


Arcing fault at one-fourth mile per kilovolt of 
transmission line 


1. Steam-turbine generator, 0.8 power factor 
without transformer 
2. Steam-turbine generator, 0.8 power factor 
with transformer 
3. Hydroelectric generator, 0.9 power factor 
without transformer 
4. Hydroelectric generator, 0.9 power factor 
with transformer 


Circles show points proposed for calculating 
duty of equipment 


less allowance for the short-circuit current 
of synchronous motors than for generators. 
Transient reactance may, therefore, be 
used in calculating their contribution. 

The contribution of induction motors 
can always be safely neglected at times of 
two cycles or more, 


The Momentary Problem 


For many purposes, it is necessary to 
know the maximum possible rms current 
which can flow in the circuit. This is 
given by the current, including both a-c 
and d-c components, as calculated at one- 
half cycle. Allowing for overexcitation of 
generators on account of load, the rms 
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value of current as calculated for zero 
time is about 1.8 times the value calcu- 
lated by dividing leg voltage by subtran- 
sient reactance. As there will always be 
some decay even in the first half cycle, 
however, 1.6 times this value gives a safe 
figure. 

In some instances, as when transmission 
line or cable reactance is an important 
factor in the limitation of current, the 
factor 1.6 may be higher than necessary. 

In such applications, at 5,000 volts and 
below, the ratio of reactance to resistance 
is sufficiently low so that the d-c compo- 
nent decreases very greatly during the first 
half cycle. Thus within this voltage 
range, and except where the bulk of the 
power is supplied by generators at tle 
point of fault, a standard factor of 1.4 
may be used instead of 1.6. A standard 
factor is particularly desirable in con- 
sideration of the difficulties of obtaining 
actual resistance figures and the distribu- 
tion of the d-c component among con- 
trihuting short-circuit sources.® 


Examples 


All of the foregoing has been carefully 
checked by the calculation of specific 
examples. Figure 2 has been calculated 
for four representative simple cases as 
follows: 

1. A representative turbine-generator with 


both transmission and fault at generator 
voltage. 


2. Arepresentative turbine-generator with 
a step-up transformer and both transmis- 
sion and fault at 230 kv. 


3. A representative hydro-electric genera- 
tor with both transmission and fault at 
generator voltage. 


4, A representative hydro-electric genera- 
tor with a step-up transformer and both 
transmission and fault at 230 kv. 


In each case the transmission line was 
assumed to have a length of one quarter 
mile per kilovolt and to have sufficient 
copper section to carry the entire genera- 
tor output (either in one line or in several 
parallel lines) at a current density of 1 
ampere per 1,000 circular mils. An arcing 
fault is assumed with an are drop of 150 
volts at generator voltage and of 2,000 
volts at 230 kv. 

The points corresponding to the coefhi- 
cients 1, 1.1, 1.2, 1.4 and 1.6, at 4, 3, 2, 
1, and !/, cycles respectively are shown 
on figure 2, and it will be observed that 
they represent with reasonable accuracy 
the currents obtained at their respective 
times. 

Figure 2 may be considered representa- 
tive of the general case in which although 
some power may be generated near the 
point of fault, the major part of the short- 
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circuit current comes from some distance 
away. Figure 3 has been calculated on a 
similar basis but without any transmission 
line between generator and fault point. 
Here it will be observed that the currents 
are somewhat higher, particularly for 
times from two to four cycles. It is for 
this reason that the recommendation is 
made that some additional allowance be 
made when the major part of the short- 
circuit current is obtained from large ma- 
chines located at the point of fault. 


Selection of Apparatus 


It is suggested that the following pro- 
cedure be followed in calculating short- 
circuit currents for use in applying various 
kinds of equipment. 


CIRCUIT-BREAKER INTERRUPTING 
CAPACITY 


While there is a wide variation in sys- 
tem conditions, the following calculation 
will usually give a conservative value of 
required interrupting capacity. 

(1). Calculate the highest value of 
initial rms symmetrical current on the 
basis of no load, normal voltage, whether 
for a three-phase, double-line-to-ground, 
line-to-line, or single-line-to-ground fault, 
using subtransient reactances for all syn- 
chronous generators. Use transient react- 
ance of synchronous motors when their 
short-circuit contribution must be con- 
sidered. 

(2). Multiply by the appropriate 
factor for 60-cycle systems from those 
given below: 


S-cy.clebreakerswep santreae ee. 1.0 
o-cycle breakers#eyey tee ee 1.1 
pacycle breakersee we errs -cree em cee. ae 1.2 
2-Cy Clebrea kersmert nieve knicks ne Re 1.4 


(3). When the condition is approached 
of a short-circuit fed solely by large ma- 
chines at the point of fault, these results 
may be increased up to 20%. 

(4). Low voltage (600 volts or less) air 
circuit breakers are often instantaneous 
in operation and part contacts during the 
first half cycle. These breakers, however, 
are rated on the basis of average current 
in the three phases, and circuits on which 
they are installed rarely have X/R ratios 
exceeding ten. This corresponds to an 
average rms current during the first cycle 
equal to 1.23 times the symmetrical cur- 
rent. Breakers may therefore be applied 
on the basis of 11/, times the three-phase 
initial symmetrical current using sub- 
transient reactance and including both 
synchronous and induction motors.5 

In order to co-ordinate this method of 
application of low voltage breakers with 
the conventional method used for other 


880 TRANSACTIONS 


types of breakers, it is interesting to note 
that an average current for the three 
phases equal to 11/, times the symmetrical 
current corresponds to a total rms current 
in the phase carrying the maximum un- 
symmetrical current equal to 1.4 times the 
initial symmetrical component. 

Inmaking the calculation for the equiva- 
lent system impedances, it should be 
remembered that at low voltages small 
impedance values become of importance 
and all elements of the circuit includ- 
ing current transformers, disconnects, 
switches, circuit breakers, bus runs, lead 
wires, et cetera should be taken into con- 
sideration. 


MECHANICAL STRESSES AND MOMENTARY 
RATING oF CrrcuIT BREAKERS 


The initial mechanical stresses due to 
the flow of electrical currents and the 
momentary rating of a circuit breaker are 
dependent on the maximum possible cur- 
rent which can flow at any time. 


a 


p 


iv 


CURRENT TO I/x"! 


RATIO OF PER UNIT SHORT CIRCUIT 


(0) | 2 3 4 5 6 7 8 


iIME— CYCLES 


Figure 3. Three-phase short-circuit current 
from generators fully loaded at rated power 
factor 


Arcing fault at generator or transformer ter- 
minal 


1. Steam-turbine generator, 0.8 power factor 
without transformer 
2. Steam-turbine generator, 0.8 power factor 
with transformer 
3. Hydroelectric generator, 0.9 power factor 
without transformer 
4, Hydroelectric generator, 0.9 power factor 
with transformer 


Circles show points proposed for calculating 
duty of equipment 


(1). Apart from cases covered by (2) 
below, the current to be used is 1.6 times 
the maximum value of rms symmetrical 
current using subtransient reactance 
values of both synchronous and induction 
machines. 

(2). At 5,000 volts and below a factor 
of 1.4, instead of 1.6 should be used except 
on busses to which the major portion of 
total fault current is supplied either by 
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directly connected synchronous machines 
or through reactors. 

Directly connected synchronous ma-— 
chines are to be considered as those sup- 
plying fault current directly or through 
lines and transformers which reduce the 
contribution from those machines by less 
than 50%. 


PROTECTOR TUBES 


Inherent limitations of protector tubes 
require that a maximum and a minimum 
current rating be assigned to each tube for 
a given voltage. Because of the speed 
with which these devices become opera- 
tive, it has been found possible to incor- 
porate the variability of the d-c com- 
ponent into a rating which involves only 
the initial rms symmetrical a-c component 
of short-circuit current.® 

Tubes should be applied so that the 
symmetrical short-circuit current at the 
point of installation of the tube, calcu- 
lated on the basis of subtransient react- 
ance for all combinations of connected 
synchronous machines and lines, should 
fall between the two limits assigned to the 
tube. 


FUSES 


Fuses are rated on total current and as 
the times involved are very short, their 
required interrupting capacity should be 
based on the total rms current at one-half 
cycle. 

(1). Inthe general case, the current to 
be used is 1.6 times the maximum value 
of rms symmetrical current, using sub- 
transient reactance for all machines, and 
including both synchronous and induction 
motor contributions. 

(2). For fuses rated 15,000 V. or below 
with interrupting ratings not exceeding 
3,000 amperes (except when applied on a 
generator bus) the resistance introduced 
by line and transformer is so great that 
the rms current of a maximum displaced 
wave in the first half cycle will not exceed 
1.2 times the calculated symmetrical 
current, using subtransient reactance, and 
application on this basis may be consid- 
ered safe. 


PRELIMINARY RELAY SETTING 


High speed current actuated relays can 
be given settings based on, first, the high- 
est initial symmetrical current, using sub- 
transient reactance at maximum system 
conditions, and second, on the lowest 
initial symmetrical current using sub- 
transient reactance for minimum system 
conditions. Time over-current relays are 
usually set by use of similar values of sym- 
metrical current using transient reactance 
values. 
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} The settings of distance and pilot wire 
relays are assumed independent of the 
magnitude of short-circuit current but 
their accuracy may be impaired if the cur- 
rents are outside of the range for which 
they were designed. This range is deter- 
mined by the maximum initial symmetri- 
cal current for maximum system condi- 
tions and the minimum initial symmetri- 
cal current for minimum system condi- 
tions using sub-transient reactance values 
if the relays are high speed, or similar 
values of current calculated with transient 
_ reactance values if slower relays are used. 
For bus differential relays it may be 

necessary to make an accurate calcula- 

tion of both a-c and d-c components for 
| assurance that operation will be satis- 
_ factory. 


: 
Conclusions 


The precise determination of short- 
circuit currents involves a calculation so 
laborious as to be wholly impractical. 
Thus some approximation is required and 
a degree of judgment is required in the ap- 
plication of any method proposed. 

The following rules are proposed for 
the various applications: 


A. Circurt-BREAKER INTERRUPTING 
CAPACITY 


Determine highest value of rms sym- 
metrical current for any type of fault us- 
ing subtransient reactance for synchro- 
nous generators and transient reactance 
for synchronous motors. 


1. General Case. Multiply by the 
appropriate factor for 60-cycle systems 
from those given below: 


MO wOle PECAREEG oe ore lore oes asclohas spa laieare 1.0 
MACUCIEMILEH REESE EM 6 Ah. < vhs o.c 6 aie stesso 1 | 
ECV Cle DECMRETS SC ta vine eric os AS o oes see 12 
ECV CIE DECAKETSe os cicieis bide weve 6 acs ose 1.4 


2. Short-Circuits Fed Predominantly 
by Large Machines at the Point of Fault. 
Increase results of the general case up to 
20%. 

3. Air Circuit Breakers Rated 600 Volts 
or Less. Apply on basis of average rms 
current in all three phases, which may 
be taken as 1.25 times the rms symme- 
trical current. 


SEPTEMBER 1941, VoL. 60 Hanna, Travers, Wagner, Woodrow, Skeats—Short-Circuit Currents 


B. MECHANICAL STRESSES AND Mo- 
MENTARY RATING oF CrrcUIT BREAKERS 


Determine highest value of rms sym- 
metrical current for any type of fault us- 
ing subtransient reactance for both syn- 
chronous and induction machines, 


Multiply by 1.6. 


2. At 5,000 Volts and Below Unless 
Fault Current Is Fed Predominantly by 
Directly Connected Synchronous Machines 
or Through Reactors. Multiply by 1.4. 


1. General Case. 


C. Prorecror Tuses 


1. Maximum Rating. Use the high- 
est value of rms symmetrical current 
determined as in B with no multiplying 
factor. 


2. Minimum Rating. Use the low- 
est value of rms symmetrical current 
determined as in B for minimum system 
conditions, with no multiplying factor. 


D. Fuses 


Determine highest value of rms sym- 
metrical current asin B. 
Multiply by 1.6. 


2. At 15,000 Volts or Below With 
Interrupting Ratings Not Exceeding 3,000 
Amperes. Multiply by 1.2. 


1. General Case. 


E. BASIS FOR PRELIMINARY RELAY 
SETTINGS 


1. High Speed Current Actuated 


(a). Highest rms symmetrical current 
based on subtransient reactance at maxi- 
mum system conditions. 


(b). Lowest rms symmetrical current based 
on subtransient reactance for minimum sys- 
tem conditions. 


2. Time Overcurrent. Make the 
same calculations as for high speed relays, 
but use transient reactance. 


As compared with the latest decrement 
curves,? this method of calculation of 
short-circuit currents is somewhat simpler 
and should reduce considerably the possi- 
bilities of misapplication. 

This method is in accordance with the 
present trend toward high speed relaying 
and eliminates the possibility of exceeding 
breaker interrupting capacities by modern- 
izing the relay system after installation of 
the breakers. 


It recognizes the acceleration of the de- 
cay of the d-c component of short-circuit 
current caused by the relatively high re- 
sistance of circuit elements other than 
the generator, 


Table |. Effect of Location of Fault Upon 
D-C Time Constant 


Impedance Total 


to Point X Time Constant 
of Fault ot sail 
Location ————— i TOtaL a Le In 
of Fault x R R_ Cycles Secs 
Generator 20 
terminaley in .4 0) 20..0.25..——..13 0.21 
0.25 
High-voltage side 28 
of transformer. ..28..0.75..——.. 5.9..0.10 
0.75 
Inclusion of line 
having 5 per 
cent react- 33 
RUCOME aus cova 83..2.0 ..— .. 2.6..0.044 
2.0 
Inclusion of line 
having 10 per , 
cent reactance. .38..3.2 . = . 1.9..0.031 


All impedance on same base as generator. 


In view of these advantages it is be- 
lieved that this method will prove more 
satisfactory in practice than the present 
standard. 
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Power-Circuit-Breaker Ratings 


R. C. VAN SICKLE 


MEMBER AIEE 


IRCUIT breaker application is being 
simplified. A subcommittee of the 
protective devices committee of the AIEE 
has studied methods of calculating short 
eircuit currents and has prepared a report 
which presents a simplified procedure 
based on standardized contact parting 
times and typical current decrements.! 
To facilitate the use of this method, cir- 
cuit breakers should have ratings which 
conform to the short circuit characteristics 
assumed in the calculations. At the pres- 
ent time, while the industry is preparing 
a revised list of short-time current ratings 
for circuit breakers, an opportunity exists 
to correlate the short circuit ratings so 
that a breaker selected for adequate in- 
terrupting current by the new method 
automatically has ratings adequate for the 
other short circuit currents. 
The rating of a power circuit breaker as 
given by AIEE Standard 19-200 includes 
the following items: 


{a). Rated voltage. 

(b). Rated frequency. 

{c). Rated continuous current. 
{d). Rated short-time current. 
{e). Rated making current. 

(f). Rated interrupting current. 


In addition definitions are given for the 
rated latching current and two short-time 
currents (the rated momentary current 
and the rated five second current). 

The first three of these items are inde- 
pendent of each other. Breakers can be 
designed for any combination of rated 
voltage, rated frequency, and rated con- 
tinuous current. 

The rated making, momentary, five sec- 
ond, and interrupting currents are inter- 
dependent, being values of the maximum 
short circuit current permissible for the 
breaker. 

The maximum short circuit current is 
determined by the impedance of the cir- 
cuit and by the characteristics of the ro- 
tating machines supplying power to the 
short circuit. The initial current is com- 
posed of an a-c component determined by 


Paper 41-116, recommended by the AIEE com- 
mittee on protective devices, and presented at the 
AIEE summer convention, Toronto, Ontario, Can., 
June 16-20, 1941. Manuscript submitted April is 
3941, made available for preprinting May 12, 1941, 


R. C. Van SICKLE is with Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 


4. For all numbered references, see list at end of 
paper. 
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the subtransient reactance of the circuit, 
and a d-c component determined by the 
point on the wave at which the transient 
starts and by the circuit inductance and 
resistance. Both components are a maxi- 
mum at the beginning and consequently 
the total rms current also is a maximum, 
figure 1. 

This current during the first cycle is im- 
portant as it is the maximum current to 
which the breaker will be subjected and 
corresponds to the rated momentary cur- 
rent and rated making current. In AIEE 
standards, ‘‘The rated momentary current 
is the maximum rms total current which 
the breaker shall be required to carry for 
any time however small up to one sec- 
ond.—”’ This current may be initiated 
either by a short circuiting of the system 
through some external means or by the 
breaker closing and completing a short cir- 
cuit. Consequently, the first cycle cur- 
rent is also the current which the breaker 
must be capable of closing. By AIEE 
definition, ‘“‘The rated making current of 
an oil circuit breaker is the maximum rms 
current including the d-c component 
against which the breaker must be capable 
of closing, without the welding of or undue 
damage to the breaker or contacts, with 
rated control voltage at the closing mecha- 
nism.” Therefore, the rated momentary 
current and the rated making current 
should be at least equal to the maximum 
current which can be obtained during the 
first cycle. 

Not all breakers are required to close 
completely and latch when making the 
rated current. For breakers having rela- 
tively low short circuit currents, the elec- 
tromagnetic and other forces tending to 
oppose the closing of the circuit breaker 
may not impose much additional load on 
the closing mechanism and no difficulty 
may be encountered in the complete clos- 
ing and latching of the breaker. Such 
breakers would have rated latching cur- 
rents equal to rated making currents. 

High interrupting capacity breakers for 
15-kv service and below, have to make 
currents which may impose electromag- 
netic forces greatly in excess of the other 
forces opposing the closing, and may re- 
quire a driving force considerably in excess 
of that needed for normal service. In this 
class of breakers, the closing and latching 
under short circuit conditions is a much 
more serious problem. The most advan- 
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tageous position for carrying the current 
is with the contacts normally closed and 
the breaker latched, but with high speed 

tripping of the breaker it may be possible, 

without completely closing the breaker, 

to carry the current for the duration of the 

short circuit. However, the breaker con- 

tacts must be closed sufficiently to carry 

the short circuit current without undue 

burning or welding until such time as the 

short circuit is cleared elsewhere or the 
breaker tripped. In such cases the breaker 

will perform satisfactorily without latch- 

ing and a rated latching current equal to 

the rated making current is not essential. 

Consequently, the rated latching current 

has no definite relation to the maximum 

short circuit current or to the rated inter- 

rupting current. 

The sustained short circuit current 
must be carried by a breaker if it is not 
tripped. From its initial value, the cur- 
rent will decrease with the decreasing d-c 
and a-c components. The d-c component 
decreases approximately as a logarithmic 
function. The amount that the a-c com- 
ponent decreases will depend upon the ef- 
fect of the short circuit on the generators. 
This effect is small if the generators do not 
form the principal limiting impedance and 
the a-c component may be sustained 
throughout the duration of the short cir- 
cuit. Consequently, the maximum cur- 
rent which the breaker will be expected to 
carry for more than a few cycles while the 
d-c component is dying out, is the initial 
value of the a-c component. This value of 
the current corresponds to the 5 second 
rating of the breaker. By AIEE defini- 
tion, ‘‘The rated 5 second current is the 
rms total current including the d-c com- 
ponent which the breaker shall be required 
to carry for 5 seconds.”” With increas- 
ing speed of breaker tripping this item is 
losing its significance. 


Between the initial and the sustained 
currents is a current which the breaker 
must be able to interrupt. It is of great 
importance as it corresponds to the rated 
interrupting current which, by AIEE defi- 
nition, ‘‘is the highest rms current at a 
specified operating voltage which the 
breaker shall be required to interrupt un- 
der the operating duty specified, and with 
a normal frequency recovery voltage equal 
to the specified operating voltage. The 
current shall be the rms value including 
the d-c component at the instant of con- 
tact separation as determined from the en- 
velope of the current wave.’’ The time at 
which the contacts separate and at which 
this current is measured depends upon the 
speed with which the breaker is tripped. 
It may be in the first cycle in the case of 
extremely high speed breakers, but is 
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generally somewhat later in the short cir- 
cut, The interrupting current is between 
the initial and the sustained values of the 
current. 

The basic rating of a circuit breaker is 
its interrupting capacity at rated voltage, 
The interrupting capacity determines the 
strength of the parts which must carry the 
short circuit and withstand the forces in- 
cident to the interruption of the current. 
The voltage determines the clearances re- 
quired for insulation. The normal rated 
current is a less important factor in deter- 
mining the size of the breaker, although it 
does determine to a large extent the cross 
section of the conducting path, the size of 
the conductors through the bushings, and 
the size of the contacts within the breaker. 
Therefore, the rated interrupting current 
at rated voltage is the basic rating, and es- 
tablishes the principal dimensions of a 
group or class of breakers. Various modi- 
fications of this basic design are made to 
take care of variations in the normal cur- 
rent carrying capacity. For example—a 
breaker may be developed and tested for 
an interrupting ability of 500,000 kva at 
15 kv and minor modifications will give 
the various rated normal currents. 

Circuit breakers are frequently used at 
service voltages less than their rated volt- 
age. At these lower voltages, the difficulty 
of interrupting a given current is less and 
_ higher rated interrupting currents can be 
assigned. Constant kva, or a rated inter- 
rupting current varying inversely with 
service voltage, is customarily assumed. 
The wider the range of service voltages at 
which constant kva is maintained, the 
greater the range of currents which must 
be interrupted by the breaker. For best 
designs which have as little compromise as 
possible, it is desirable to limit the inter- 
rupting current, and a limit is established 
which permits the use of the breaker at 
full kva down at least to the next lower 
standard voltage. This maximum per- 
missible current is called the interrupting 
capacity current limitation and is about 
1.5 times the rated interrupting current at 
rated voltage, but varies, specially for 15- 
kv breakers which cover a wider voltage 
range. This rating is one value of the 
highest short circuit current which the 
breaker can be required to pass. 

The interdependent items of the circuit 
breaker rating, making current, momen- 
tary current, interrupting current, and 
five second current correspond to currents 
measured at various points on the short 
circuit transient current. If definite ra- 
tios exist among these values, the ratings 
of the circuit breaker should correspond 
to these ratios so that no one of the items 
becomes the limiting factor and so that if 
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a breaker is selected for adequate inter- 
rupting capacity, it will automatically be 
able to make and to carry the currents as- 
sociated with that interrupting capacity. 

These requirements are related, but in 
the past variable times allowed for the 
tripping of the circuit breaker resulted in 
various durations of the length of the 
short circuit prior to the parting of the 


Table 1. Favorable Relations of Interde- 
pendent Circuit-Breaker Ratings 
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* The ratio beween the rated interrupting current 
and the interrupting capacity current imitation 
is a variable depending on the range of service 
voltages at which full interrupting kva is avail- 
able. The table uses the ratio 1.5 which is the 
most common value, but it must not be assumed 
that this ratio applies to all breakers. Individual 
cases have conditions which justify using either 
arger or smaller ratios. 


contacts and consequently a variation in 
the ratio between the initial current and 
the interrupting current. Consequently, 
it has not been possible to use definite ra- 
tios and any one of the ratings has been 
able to prevent the application of the 
breaker on a particular service. 

In the report referred to previously on 
the new method of calculating the cur- 
rent, the variable of the time of parting 
contacts has been eliminated by the as- 
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sumption of definite contact parting times 
dependent only on breaker speed; after 1, 
2, 3, and 4 cycles for 2, 3, 5, and 8-cycle 
breakers respectively. Likewise, the prob- 
able ratio between the initial a-c compo- 
nent and the total rms current during the 
first cycle and at the end of each of these 
cycles has been established. This new 
method assumes that the maximum asym- 
metry which can occur will make the total 
rms value of the current, at the time of the 
maximum peak, 1.6 times the a-c compo- 
nent, and that at the end of the first and 
succeeding cycles, this multiplying factor 
becomes 1.4, 1.2, 1.1, and 1.0. Conse- 
quently, the ratio of the current during 
the first cycle to the interrupting current 
for breakers parting contacts after 1, 2, 3, 
and 4 cycles are (1.6/1.4=)1.14, 1.33, 
1.45, and 1.6, respectively. These factors 
are, therefore, the ratio of the initial cur- 
rent to the interrupted current of 2, 3, 5, 
and 8-cycle breakers respectively. They 
represent the minimum ratios between 
rated momentary current and rated inter- 
rupting current which permit utilization 
of the full rated interrupting current. 

The values assigned to the interdepend- 
ent items of a circuit breaker rating should 
be based on the interrupting capacity as 
this is the most important item. The in- 
terrupting capacity current limitation is 
determined from it by the range of volt- 
ages at which the breaker is to be used. 
This value is one measurement of the 
heaviest short circuit current which will 
be passed through the breaker. From it, 
the rated making, momentary, and five 
second currents can be obtained by use of 
the suitable factors. Table I shows the re- 
lations between these interdependent 
items as derived from the data in the re- 
port on the calculation of the interrupting 
current. 

When low voltage breakers are used at 
service voltages, much below rated volt- 
ages, the making current may be high and 
require a very powerful closing mecha- 
nism. When used near rated voltage, the 
breakers may require much less energy for 
closing the corresponding making current. 
Such breakers could be adjusted to the re- 
quirements of the service by limiting the 
power input to the closing mechanism te 
that required for a making current corre- 
sponding to the rated interrupting current 
at service voltage. The saving in energy 
and wear on the breaker may justify this 
change which amounts of imposing a spe- 
cial rated making current and a special 
interrupting capacity current limitation 
which are determined by the reduced 
closing ability. 

With ratings assigned in accordance 
with short circuit characteristics, circuit 
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Figure 1. Short-circuit current 


breaker application is simplified. Provid- 
ing the current is calculated by the new 
method, the breaker can be selected on the 
basis of its rated interrupting capacity at 
the system voltage and the ratings of mak- 
ing current, momentary current, and five 
second current will automatically be ade- 
quate. 

Since the rated making and momentary 
currents given in table I correspond to 
the interrupting capacity current limi- 
tations, they usually are higher than are 
required when a breaker is applied near 
rated voltage. When interrupting cur- 
rents, calculated on the assumption of 
fast tripping, slightly exceed breaker rat- 
ings, a more detailed calculation using dec- 
rement curves might reveal that the mak- 
ing capacity is adequate and that the in- 
terrupting current is down to the breaker 
rating if a time delay of a few cycles is 
used. 

If the advantages of the new method of 
short circuit calculation are demonstrated 
by experience and the method becomes 
used generally by the industry, another 
interesting possibility for the further 
simplification of breaker application should 
be considered. It gives exactly the same 
results as those obtained when breakers 
having ratings assigned in accordance 
with the assumed current transient are ap- 
plied by the new method of calculation, 
but it eliminates from the calculation of 
the currents the factors dependent on 
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breaker opening time and on special decre- 
ments for low voltage circuits. 

Breakers could be applied on the basis 
of the initial a-c component of the short 
circuit current. The short circuit current 
calculations could be only the dividing of 
the voltage by the subtransient reactance 
to obtain the initial a-c component. The 
breaker ratings could consist of: 


(a). Rated voltage. 

(b). Rated frequency. 

(c). Rated continuous current. 

(d). Rated initial a-c component of short 
circuit current at rated voltage. 

(e). Rated maximum initial a-c compo- 
nent of short circuit current at reduced volt- 
age. 

(f). Rated interrupting time. 

(g). Rated latching current. 


Breaker application could consist of select- 
ing a breaker having these items at least 
as large as the system requirements. Cuir- 
cuit clearing time would depend on the 
speed of the breaker selected and the cur- 
rent calculation would be the same for 2-, 
3-, 5-,.and 8-cycle breakers. 
Standardization rules could require of 
the manufacturer that his breakers be ca- 
pable of closing carrying and interrupting 
currents having the rated a-c component 
at rated voltage and the a-c component 
current limitation at a corresponding 
lower voltage. Under these suggested 
rules, breakers would be capable of mak- 
ing a circuit having a total rms current 
equal to 1.6 times this maximum a-c com- 
ponent. They would be capable of carry- 
ing this momentary current. They would 
be capable of interrupting a total rms cur- 
rent equal to that specified for their con- 
tact parting time. They would be capable 
of carrying the a-c component for five sec- 
onds. Demonstrating or proving the per- 
formance of the circuit breakers would re- 
quire these currents to have total rms 
values bearing the correct relations to the 
rated a-c component. On classes of break- 
ers where special decrements are justified, 
for example 5 kv and below, the design of 
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the breaker could be based on the special 
decrement characteristics and no change 
would be required in the current calcula- 
tions. In other words, the requirements 
and results could be the same whether 
only the a-c component is specified and 
the testing requirements define the factors 
existing between the various currents, or 
whether as at present the various current 
values are calculated and checked for each 
application. Consequently, if the break- 
ers were given rated initial a-c components 
of short circuit current at rated voltage 
and rated maximum a-c components at re- 
duced voltage, the making, momentary, 
interrupting, and five second ratings could 
be eliminated. 

In brief, the requirements would be de- 
termined by the initial a-c component of 
the short circuit current and a breaker se- 
lected which would have an adequate 
rated a-c component and which would be 
designed for making, carrying, and inter- 
rupting the corresponding total rms cur- 
rents. 


Conclusions 


The ratings of a circuit breaker can be 
so correlated that full use can be made of 
the abilities of the breaker. With the new 
method of calculating the required inter- 
rupting capacity, and with breaker ratings 
assigned in accordance with the same cur- 
rent decrements, breaker application will 
be greatly simplified. 

If, after trial, the new method of cur- 
rent calculation supplants the present 
method, a still further simplification in 
application can be obtained by rating a 
breaker on the initial value of the a-c com- 
ponent of the short circuit current which 
it can close, carry, and interrupt. 
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Synopsis: Lightning to the Empire State 
Building in New York City has been under 
investigation since 1985. Boys camera 
photographs of 62 strokes have been taken 
and 99 oscillograms. Twenty of these were 
taken simultaneously with photographs of 
the same stroke. Upward step leaders were 
discovered and continuing strokes were 
shown to be in the nature of a direct current 
arc. A brief résumé of the more important 


results up to the end of the 1937 season is 
given. 

The paper is chiefly concerned with the 
oscillographic results of the 1938 and 1940 
seasons. The low speed oscillograph in the 
Empire State Building recorded 17 of the 20 
strokes to the building while the high speed 
oscillograph recorded 41 current peaks in 13 
strokes. 


_ 1. Of 49 strokes recorded oscillographically during 
the years 1937-40, no stroke has been entirely 
Positive although 41, or 84 per cent, were entirely 
negative. The first recorded current peak in stroke 
13 was positive and had a crest current of 58,000 
amperes. 

2. Fifty per cent of the 49 strokes had charge of 25 
coulombs or more, the maximum charge measured 
being 164 coulombs. These values are for the total 
stroke and not for current peaks. 

3. Ninety-one per cent of all strokes recorded to 
the Empire State Building are classified as con- 
tinuing, i.e. had a low current component. 

4. Fifty per cent of the current peaks were found 
to have a crest current of 7,000 amp or more, while 
only 25 per cent of the 33 peaks measured in 11 
strokes had a duration exceeding 40 microseconds. 
5. The plotted data show that 50 per cent of the 
current peaks had a charge of 0.13 coulomb or more 
to half current value, although 5 per cent showed 
more than 1.5 coulombs. 

6. A time of at least 1 microsecond is required to 
reach crest in 50 per cent of the current peaks, while 
65 per cent reach the first crest in a time not greater 
than 1.5 microseconds—the time to crest of the 
present standard. 

7. The results obtained show that rates of rise of 
the order of 10 to 20 kiloamperes per microsecond 
will be encountered quite frequently, and 30 to 40 
kiloamperes per microsecond occasionally. 

8. Errors as great as +50 per cent may occur in 
connection with the highest rate of rise measure- 
ments; errors in connection with some of the other 
measurements may be as great as =25 per cent, al- 
though most of the results will be more accurate 
than indicated by these figures. 

9. Itis pointed out that direct stroke data may be 
applied to transmission and distribution circuits if 
proper allowances are made for division of currents 
in the various paths including the effect of grounded 
neutral transformers. The current to be handled by 
lightning arresters will in general be much smaller 
than those measured in the direct stroke. 


N February 1939, the author published 
4 in the Journal of the Franklin Institute 
a paper? entitled ‘‘Lightning to the Em- 
pire State Building,” and in May 1940 
with K. G. Patrick, a book? titled ‘“‘Play- 
ing With Lightning.” These describe the 
Empire State investigation in some detail, 
while the instruments used have been de- 
scribed by Hagenguth,? Kettler,‘ and 
Flowers.’ Therefore, only a brief men- 
tion will be made of the apparatus used, 
and a summary given of the important 
results obtained. 
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Equipment 


At the Empire State Building are 
located two oscillographs—one arranged 
to record continuing currents up to one 


second duration, and the other to record 


the wave shape of individual current 
peaks. These have been called the low 
and high speed oscillographs respectively. 
At present both are of the hot cathode- 
ray type, although for several years the 
low speed oscillograph was of the electro- 
magnetic type using a crater lamp for 


Figure 1. Schematic 
diagram of high- 
speed cathode-ray 
oscillograph equip- 
ment used for light- 


Camera equipment is located at 500 
Fifth Ave. a distance of 2,550 ft. to the top 
of the Empire State Building. Slow speed 
(1/2 rps) and (2 rps) Boys cameras are in- 
stalled and also a high speed Boys camera 
normally having a film surface velocity of 
124 ft. persec. In addition, a moving film 
camera called a ‘multiple aperture 
camera” is used having four matched 
lenses so arranged that four images ap- 
pear on the same moving photographic 
film along a horizontal axis. The lenses 
are provided with suitable filters and stop 
openings, so that a range of about one 
million to one may be obtained in ex- 
posure, 

In addition to this equipment, another 
camera referred to as the ‘‘oblique camera” 
was installed on a building at the corner of 
34th St. and 8th Ave. The purpose of this 
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illumination. A schematic diagram of the 
operation of the high speed oscillograph is 
shown in figure 1. This equipment suc- 
cessfully® recorded in 1938 a multiple 
stroke consisting of (12) successive cur- 
rent peaks in 0.28 sec. Both of the os- 
cillographs are connected to a non-linear 
shunt composed of thyrite and a linear 
shunt in parallel. With these shunts the 
low speed oscillograph records over a cur- 
rent range of 50 amps. to 24,000 amps., 
while the high speed range is 1,000 amps, 
to 200,000 amps. 


Paper 41-115, recommended by the AIEE com- 
mittee on protective devices, and presented at the 
AIEE summer convention, Toronto, Ontario, Can., 
June 16-20, 1941. Manuscript submitted April 11, 
1941; made available for preprinting May 9, 1941. 
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camera is to determine the shape of the 
stroke in a plane at right angles to that 
of the cameras at 500 Fifth Ave. so that a 
more accurate determination of the length 
of the stroke path might be made. This 
camera, controlled over a telephone cir- 
cuit by the operator at 500 Fifth Ave., is 
not a Boys camera; its only purpose be- 
ing to get the stroke shape, and no attempt 
is made to record detailed time effects. 

A densitometer has been provided in the 
laboratory at Pittsfield for the study of 
changes in density found on the photo- 
graphic records. All of the films used 
since the study began in 1935 have been 
provided with a sensitometer strip for 
calibration of the film against a known 
light source. 

Means were set up in 1940 for the deter- 
mination of visibility between 500 Fifth 
Ave. and the Empire State Building. 
This instrument was provided to make 
possible a fair determination of current 
from the Boys camera photographs, and 
studies are in progress to determine the 
change in current as one progresses up the 
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stroke—thus obtaining some data on the 
space charge around the stroke channel. 


Brief Résumé of Results Previously 
Reported! 


Some of the more important results ob- 
tained in this study, particularly with the 
eamera equipment, are listed briefly be- 
low. Only oscillographic data are dis- 
eussed in the present paper. 

1. Discovery of the initial upward step 


leader mechanism from the Empire State 
Building. 


nism, explained by lack of mobility of charges 
in clouds compared to the earth, which does 
produce a return stroke with downward 
initial leaders. 

6. Strokes to ground, whether started by 
upward or downward initial leader, seem to 
have same mechanism for successive current 
peaks without reference to how initiated. 

7, The configuration of electrodes probably 
determines the direction of propagation of 
initial leader. 

8. Thunderless lightning results from rela- 
tively slow rates of current rise of upward 
leader strokes, without successive current 
peaks. 

9. Measurement of leader and stroke 
propagation velocities and approximate de- 
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Figure 2. Composite replotted from low- 


speed and high-speed oscillograms showing 
our current peaks of stroke 3 to the Empire 
State Building 


June 26, 1940 at 1:29.5 p.m. 


2. Proof, both photographic and oscillo- 
graphic of the existence of continuing cur- 
rent (substantially a direct current arc be- 
tween line and ground). 

3. Direct measure of charge in coulombs in 
lightning strokes, establishing a curve of 
frequency of occurrence for a given magni- 
tude. 

4. Oscillographic records show that out of 
27 records all began with negative polarity, 
and 3 reversed polarity at end of the record, 
indicating that the base of the cloud is nega- 
tive, and a positive region was reached in 3 
eases only after a time interval. 

5. Lack of so-called return stroke from 
elouds with upward initial leader mecha- 
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termination of current required Ly upward 
step leader. 

10. Identification of the upward streamer 
from earth when the downward inivial leader 
approaches the earth. 

11. Determination of wave shape of direct 
strokes—front, crest, and duration of cur- 
rent peaks of strokes having single peaks 
and as many as 12 successive current peaks 
(total of 4 strokes recorded). 

12. Strokes to the ordinary countryside, in 
those cases where the photography was such 
that good measurements could be made, 
show the same general photographic char- 
acteristics as do those to the Empire State 
Building, once the stroke is established. 


Additional Results 
Considerable additional data obtained 


in 1940 are now available with respect to 
the wave shape of current peaks. Al- 
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though many correlating oscillograms and — 
photographs were obtained in previous 
years, during 1940 most of the strokes 
were not recorded photographically be- 
cause they did not occur at night. It is 
believed, however, based on past ex- 
perience that most of the strokes recorded 
were initiated by upward step leaders. 

During the 1940 season the low speed 
oscillograph recorded 17 of the 20 strokes 
to the building, while the high speed os- 
cillograph recorded 41 current peaks in 13 
strokes. The correlation between the low 
and high speed oscillograms was excellent, 
there being a detailed record of nearly 
every current peak of any importance ap- 
pearing on the low speed record. Such a 
record for stroke 3 (1940) is shown in 
figure 2, where the high speed and low 
speed records have been reproduced to- 
gether. 


Polarity 


Of the 49 strokes recorded oscillographi- 
cally during the years 1937-40, no 
stroke has been entirely positive although 
41, or 84 per cent, were entirely negative. 
Of the eight strokes having some positive, 
one is known to have begun with a small 
positive current (about 200 amps), while 
four strokes began with negative current. 
With two other strokes, the current re- 
corded initially appeared to be negative, 
but had too small a magnitude to be cer- 
tain. As for the remaining stroke, the 
first current recorded was positive, al- 
though the oscillograph had initiated 
more than ().025 sec. before indicating the 
presence of a current, whose magnitude 
and polarity is, however, unknown. This 
stroke (No. 13, 1940) is of considerable 
interest, as the first recorded current was 
a positive peak having a crest of 58,000 
amps., which is nearly double the highest 
heretofore recorded oscillographically® to 
the building. This was followed by three 
negative current peaks, as shown in 
figure 3. The current peaks appear to be 
connected together by continuing current, 
mostly negative. 


Stroke Charge 


The stroke charge in the entire stroke 
including current peaks for 49 strokes is 
given in figure 4, and indicates that at 
least 50 per cent of strokes have a charge 
of 25 coulombs or more, although the 
average charge is 37 coulombs. The maxi- 
mum measured in New York is 164 
coulombs obtained in 1937, while in 1940 
the maximum was 150. Three per cent of 
the total charge measured to date was 
positive. 
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Continuing Strokes 


Of the 49 strokes recorded oscillographi- 
cally, only seven did not show any signs 
of continuing current, and these due to 
lack of sensitivity might have recorded 
current under more favorable recording 
conditions. Of these oscillographic rec- 


_ ords 20 correlating Boys camera records 


were obtained—all but one showing the 
presence of continuing current. In addi- 
tion to these photographic records 42 
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160 180 


Figure 3. Low- 
speed and_high- 
speed oscillograms 
showing four current 
peaks of stroke 13 
to the Empire State 

Building 


June 30, 1940 at 
4:34 p.m. Time be- 
tween peaks 0.021, 
0.00092, and 0.087 

second 


others were obtained—41 of which show 
the presence of continuing current. Thus 
91 per cent of all strokes recorded in New 
York to the Empire State Building are 
classified as continuing. 

It is of interest to record here that the 
results obtained thus far with the multiple 
aperture camera indicate that once a path 
is found between cloud and ground the 
current does not cease until the stroke is 
completed. The current merely increases 
and decreases in magnitude until the total 
stroke is completed. 


Stroke Duration 


The maximum stroke duration of 1.5 
sec. reported in 1937 for a stroke to the 
building has not as yet been exceeded. 
Figure 5 shows that half of the 49 strokes 
recorded have a duration of at least 0.29 
sec. 


Current Peaks—Crest Current 


The data given in figure 6 are plotted in 
terms of negative current peaks, since all 
the peaks recorded by the high speed os- 
cillograph were negative but one, which is 
indicated. When comparing these data 
with those of other investigators, it is to be 
remembered that the magnetic link used 
in measuring currents through transmis- 
sion towers’ and distribution lightning ar- 
resters® indicate only the highest current 
peak occurring during the time the link is 
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in service. In figure 6 each current peak 
in a stroke is plotted independently. It is 
not strange that Lewis and Foust give cur- , 
rent values considerably higher than indi- 
cated in figure 6. The data given by 
McEachron and MeMorris for distribution 
circuits are much lower in current magni- 
tude, since the current was measured only — 
at arrester locations, and in most cases is a 
measure of the traveling wave from some 
remote point. In many cases, too, the 
measured surge was the result of the re- 
lease of a bound charge. The records do 
indicate arrester duty, but seldom the cur- 
rent magnitude in the stroke itself, 


Duration 


In terms of time to half value only 25 
per cent of the 33 peaks measured in 11 
strokes have a duration exceeding 40 
microseconds, which is the present stand- 
ard duration used in impulse testing in the 
United States. The maximum duration 
(figure 7) was 115 microseconds. 


Charge 


Since the tail of the current peak merges 
into the continuing current it is difficult 
to determine what is the current peak and 
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Figure 5. Stroke duration as a function of the 

frequency of occurrence 


Values obtained from oscillographic records 


Duration of multiple and continuing lightning 
strokes recorded by low-speed oscillographs 
Empire State Building, New York City 
1937, 1938, 1939, 1940 
Based on 49 strokes 


what is continuing current. Therefore, 
when determining the charge in each cur- 
rent peak the area under the current-time 
oscillogram has been limited to the point 
where the current has decayed to half 
value. Figure 8 shows that 50 per cent of 
the current peaks measured have a charge 
of 0.13 coulomb or more, although only 5 
per cent showed more than 1,5 coulombs. 

Since the cloud is not an infinite bus but 
has limited energy, one might expect that 
as the current increased the duration 
might decrease, but figure 9 indicates that 
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the charge is increasing more rapidly than 
the current, which means of course that 
the duration is also increasing with the 
current. If the rate of propagation of the 
so-called return stroke is independent of 
the current in the stroke, and if the dura- 
tion of the tail of the current peak is the 
time taken to reach the cloud, it would 
appear then that in general the longer 
stroke path will contain the greater cur- 
rent. There is yet no real support for 
either of these assumptions, nor is there 
any direct measure of the length of the 
stroke path compared to its current. 
Furthermore, large and small current 
peaks are recorded in the same stroke, ap- 
parently indicating the presence of other 
factors beside the length of stroke which 
may influence the amount of current. 
While ground resistance may have con- 
siderable influence on the amount of cur- 
rent, yet it must be remembered that all of 
the current peaks recorded in figures 6 or 
9, occurred to a structure whose ground 
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Figure 6. Frequency of occurrence of current 
peaks of various magnitudes determined 
oscillographically 
Amplitude of current peaks recorded by 
high-speed cathode-ray oscillograph 
Empire State Building, New York City 


Based on 13 strokes 


resistance was presumably quite constant 
—certainly it did not change during a 
stroke. 


Wave Front 


The time to the first crest is given in 
figure 10. These results show that a 
time of at least one microsecond is re- 
quired to reach crest in 50 per cent of the 
peaks. Sixty-five per cent of the current 
peaks reach the first crest in a time of not 
more than 1.5 microseconds, the present 
standard time. It was of interest to 
plot the time to first crest against the 
crest value of current, but no trend could 
be found, except that higher currents 
usually required longer times to reach 
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crest, but longer times did not neces- 
sarily mean a higher current peak. 


Rate of Rise 


The effective rate of rise in kiloamperes 
per microsecond, measured through the 10 
and 90 per cent points is shown in figure 
11. In considering these results it is well 
to bear in mind the difficulties encoun- 
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ING A TIME TO HALF VALUE AT LEAST 
THE AMOUNT INDICATED IN THE ABSCISSA 


Figure 7. Duration of current peaks measured 
to half value as a function of frequency of 
occurrence 
Based on 33 oscillographic records 
Duration of current peaks recorded by 
high-speed cathode-ray oscillograph 
Empire State Building, New York City 
1938 and 1939 


Based on 11 strokes 


tered in recording and measuring accu- 
rately when the front becomes almost per- 
pendicular to the time axis. It is clear 
that as the rate of rise increases the 
possibility of error increases, and there- 
fore the highest values in figure 11 are to 
be taken with caution, since an error of the 
order of +50 per cent may be present. 

These results do indicate that rates of 
current rise of the order of 10 to 20 
kiloamperes per microsecond will be en- 
countered quite frequently in the stroke, 
and values as high as 30 to 40 kiloamperes 
occasionally. These values are to be com- 
pared with those of Norinder,® which are 
of the same general order of magnitude al- 
though obtained in Sweden by quite a dif- 
ferent method. 


Accuracy of Measurement 


Measurement of the crest of the average 
current peak (9,000 amp.) is subject to an 
error of +20 per cent. The major factors 
contributing to this error are difficulty in 
establishing a zero line, uncertainties in 
the measurement of deflections and in the 
value used for the oscillograph calibration 
including the lightning shunt. For smaller 
deflections, the error tends to be greater 
and may be less for the larger deflections. 

Rate of rise measurements are subject 


McEachron—Lightning ‘to the Empire State Building 


PER CENT OF CURRENT PEAKS 


AS GREAT AS THAT 
INDICATED BY ABSCISSA 


HAVING CHARGE AT LEAST 


ee 3 
CHARGE — COULOMBS 


Figure 8. Charge of current peaks as a function 
of frequency of occurrence 
Coulomb values based on time to half value 
of crest current 
Charge in current peaks recorded by high- 
speed cathode-ray oscillograph 
Charge passed until current decays to one-half 
of crest 
Empire State Building, New York City 
1938 and 1940 
Based on 13 strokes 


to error in measurement of both current 
and time. For a crest gurrent of 9,000 
amps. and a time of one microsecond, er- 
ror in the rate of rise measurement may be 
of the order of +25 per cent, while for 
steep fronts (0.1 ms) the error may be as 
great as +50 per cent. 

Measurements of charge are also sub- 
ject to a possible error of +25 per cent. 

The low speed oscillograms are also sub- 
ject to a possible +20 per cent error in 
current magnitude; while currents smaller 
than 50 amps. are detectable, the accuracy 
is very poor, since the trace is often about 
150 amps. in width. 

It is believed, however, with the excep- 
tion of the measurements depending upon 
fractional parts of microseconds, that the 
average accuracy is good for this type of 
measurement. 


Discussion 


Most of the oscillograms of current 
peaks show evidence of some oscillation 
near the crest (figures 2 and 3), having a 
magnitude of from 5 to 20 per cent and a 
period of about 2.5 microseconds. Since 
the building is 1,275 ft. high, perhaps this 
effect is the result of reflection phenomena 
at or near the base of the building. Of 
course the size of the building increases 
near the earth, which confuses the picture 
somewhat. 

In applying these results to the case of 
lightning striking a transmission or dis- 
tribution circuit, several assumptions must 
be made. It seems reasonable to assume 
that the sum of the currents flowing away 
from the point of contact with the light- 
ning stroke will equal the current of the 
stroke, in view of what is now known of 
the mechanism of the stroke. Thus, if a 
line is struck at any point except close to 
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Figure 9. Effect of variation in crest current 


on the charge contained in each current peak 


Relation between charge and crest current of 
negative current peaks 
Charge passed until current decays to one-half 
of crest 
Empire State Building, New York City 
1938 and 1940 
Based on 13 strokes 
Charge of only positive peak recorded was 4.9 
coulombs with crest of 58,000 amperes 


its end, the current in the stroke will di- 
vide equally and will have half of the mag- 
nitude of the original measured stroke 
current. The time to crest and half value 
will be the same as measured in the stroke 
itself, thus the rate of rise in terms of am- 
peres per microsecond would be reduced to 
half that found in this investigation of 
strokes to a well grounded steel structure. 

Current waves traveling away from the 
point struck are associated with a travel- 
ing wave of potential equal to the surge 
impedance multiplied by the current. 
Thus stroke 13, figure 3, having a crest 
current of 58,000 amps., the highest yet 
measured oscillographically, would have a 
traveling wave current of 29,000 amps. 
This corresponds to a traveling wave po- 
tential of 14,500,000 volts (using a surge 
impedance of 500 Q) which would flash- 
over any insulation now in use, either 
wood or porcelain. If, however, the 
stroke made contact with an overhead 
ground wire at a tower having a ground 
resistance of 10 ohms, the potential at the 
tower top would be only 580,000 volts, 
neglecting the current flowing away from 
the stricken point which would be only a 
little over 2,000 amps. until reflections 
from adjacent towers returned to increase 
the current. 

Thus the data obtained may be applied 
to transmission line conditions with rea- 
sonable accuracy. If the stroke is consid- 
ered to have struck a considerable distance 
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THAN THAT INDICATED BY ABSCISSA 


PER CENT OF CURRENT PEAKS HAVING 
ATIME TO FIRST CREST NOT GREATER 
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MICROSECONDS 

Figure 10. Time to first crest of current peaks 

as a function of frequency of occurrence 


Recorded by high-speed cathode-ray oscillo- 
graph 
Empire State Building, New York City 
1938 and 1940 
Based on 13 strokes 


away from the ends of the line, then the 
traveling waves will contain a current half 
that shown in figure 6 and also a coulomb 
value of half that given in figure 8. If the 
stroke is at or very near the end of the line 
(within a few hundred feet) the traveling 
wave currents and corrésponding voltages 
will be as originally given. . 

The wave shapes to reach apparatus will 
depend upon the point struck with refer- 
ence to the apparatus, the insulation lev- 
els, surge impedance, coupling, and other 
factors. If overhead ground wires are 
used and the stroke does not initially make 
contact with the line conductors, the dis- 
turbance will be essentially local, if tower 
footing resistance is low enough and the 
line insulation high enough. 

The total stroke consists not only of cur- 
rent peaks but also of long time low values 
of continuing current. 

In the case of the transmission line, if 
the ground wire is struck these continuing 
currents find their way directly to ground. 
If the current peak was not of sufficient 
magnitude to cause flashover, the continu- 
ing current will not be of any importance, 
except for some burning of the ground 
wire which may result since this current 
is of the nature of a direct current arc. 

If a continuing stroke causes an insu- 
lator flashover, the presence of the con- 
tinuing current following arcover may 
interfere with the operation of the auto- 
matic reclosing equipment, if the latter is 
sufficiently rapid. Such continuing cur- 
rent in the conductors due to a stroke will 
be carried to ground through neutrals of 
transformers if grounded, while if the sys- 
tem neutral is isolated lightning arresters 
may be forced to carry such currents, 
which might possibly result in damage to 
the arrester, although in general the fail- 
ures of arresters have been very small, in- 
dicating that currents of this character do 
not occur very frequently. 
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frequency of occurrence 
Recorded by high-speed cathode-ray oscillo- 
graph 

* Slope of line through points on wave front 
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Building, New York City 

1938 and 1940 
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In the case of distribution circuits, often 
several paths to ground exist over guy 
wires, through lightning arresters, and in 
the case of grounded neutrals continuing 
currents will find their way through many 
multiple paths to ground without undue 
duty on the lightning arresters. No 
doubt the continuing type of discharge is 
responsible for some of the fuses blown 
during lightning storms. 

When using direct stroke data, such as 
given in this paper, to determine what 
may happen on either distribution or 
transmission circuits, proper considera- 
tion should be given to circuit conditions. 
Seldom, if ever, can direct stroke values 


be used directly. 


It is also important to point out that 
there is good reason to believe that 
ground resistance will have an appreci- 
able effect! on the current in a lightning 
stroke—the lower the resistance the 
higher the current, other factors being 
equal. The effect of ground resistance on 
wave fronts of direct strokes is not known, 
but one would expect that higher ground 
resistance would probably effect some in- 
crease in the duration of the stroke, al- 
though the effect of the cloud distribu- 
tion of charge is probably controlling.! 


Conclusion 


For the first time, sufficient data rela- 
tive to wave shapes of direct strokes are 
available to make possible the drawing 
of experience curves with respect to front, 
crest, and tail of current peaks. Similar 
data with reference to the total stroke are 
also available. 
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Introduction 


IELECTRIC strength is the prop- 
erty of insulation that is most im- 
portant to the operating power companies, 
The factor of safety determined by the 
ratio of breakdown voltage to operating 
voltage must be maintained. Yet this 
breakdown voltage cannot be measured 
on a finished piece of insulation. Actual 
breakdown, except in the case of liquids, 
destroys the insulation. Overvoltage less 
than that required for breakdown has 
been found to injure the insulation and 
leave it with a reduced factor of safety. 
Non-destructive testing at overvoltage is 
feasible only if some electrical quantity, 
such as current, is measured and used as a 
sensitive indicator of incipient damage. 
The use of d-c overvoltage from a tube 
rectifier for cable testing is an example. 
Non-destructive testing of insulation, as 
currently practiced, is the measurement of 
certain electrical characteristics of the in- 
sulation, such as capacitance, dissipation 
factor,* and leakage resistance, at a volt- 
age not greater than the operating volt- 
age. Ordinarily a relatively low voltage 
at the operating frequency is used, 100 
volts to 10 kilovolts. Of these three char- 
acteristics, dissipation factor has come to 
be considered the most reliable indicator 
of the condition of insulation. The stand- 
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R. F. Frevp is an engineer with the General Radio 
Company, Cambridge, Mass. 


1. For all numbered references, see list at end of 
paper. 


* Dissipation factor is the cotangent of the phase 
angle, while power factor is the cosine. 


ard practice is to measure the dissipation 
factor of insulation at the operating fre- 
quency at stated intervals of time after 
installation. A progressive increase of dis- 
sipation factor with time is believed to 
indicate deterioration of the insulation. 
Certain limiting values are set depending 
on the type of insulation. When these 
limits are exceeded, the insulation is re- 
moved from service. Frequently, greater 
weight is placed upon continual change in 
the value of dissipation factor than upon 
its absolute magnitude. 


Figure 1. Schematic 
diagram showing 
changes in dielectric 
constant and dissi- 
pation factor with 
frequency (after 
Murphy and Mor- 

gan) 


The upper branch 
of the dissipation 
factor curve shows 
the effect of d-c 

conductivity 
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Heretofore the assumption has been 
made that, when insulation deteriorates, 
a correlation exists between the decrease 
in dielectric strength and changes in dis- 
sipation factor, because the use of non- 
destructive testing has resulted in a de- 
crease of insulation failures. It is, how- 
ever, a fact that the greatest success has 
been attained with the simpler types of 
bushings and insulators, only fair success 
with transformers, and little success with 
generators and cables. This is probably 
true because the changes in dielectric 
strength on the one hand and in the three 
measurable electrical quantities on the 
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other are all effects for which deterioration 
is the cause. It is also unreasonable to 
expect that sufficient information will be- 
contained in measurments taken at a 
single frequency to allow the different 
kinds of deterioration to be recognized. 
It will be shown that only by taking meas- 
urements over a wide frequency range can 
all the information obtainable from the 
electrical characteristics be secured. 
These considerations make it desirable 
to determine whether or not a satisfac- 
tory correlation should exist between di- 
electric strength and one or all of the elec- 
trical quantities which can be measured. 


Deterioration 


The many causes of deterioration oc- 
curing in insulation may be grouped under 
four heads, chemical, mechanical, and 
electrical changes and the introduction of 
foreign material. The processing of many 
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commercial dielectrics is incomplete. 


Hither polymerization is not complete or 
the solvents are not completely volatilized. 
During the subsequent changes, voids 
may form throughout the body of the ma- 
terial. Voids are also formed in lami- 
nated materials under the vibrational and 
mechanical forces to which insulation is 
subjected in rotating machines and in 
transformers. 

Foreign materials, mainly dirt and 
moisture, may adhere to the surface of in- 
sulation or may penetrate throughout the 
volume, if the body is porous. This is 
not usually an irreversible change. Clean- 
ing and heating will usually restore the 
original properties, but, as long as the 
foreign material is present, dielectric 
strength may be impaired. 

The existence of voids and the presence 
of foreign material offer the possibility of 
ionization, even at operating voltage. 
The surface of the voids will eventually 
carbonize and add a_ semi-conducting 
path. On the outer surface of an insula- 
tor this produces tracking. 
damage is done in either case. 


Permanent 
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Of these various kinds of deterioration 
the formation of voids and the absorption 
of moisture are most common. 


Mechanism of Breakdown 


Breakdown in solids has been studied 
extensively by von Hippel! and others. 
_ The application of a voltage produces a 
motion of free electrons and free ions to- 
ward the electrodes. If sufficiently long 
free paths exist, enough velocity is at- 
p tained by these carriers of electricity to 
: produce other ions by collision. As long 
_as the motion of the carriers is limited, as 
_ by cleavage planes in crystals and by in- 
_terfaces in mixtures, the insulation is 
stable. However, when the ionization be- 
comes sufficiently intense, enough car- 
riers are formed to blast an irregular 
path between the electrodes. This is 
breakdown. 

Whatever increases the supply of free 
electrons and ions or lengthens their mean 
free paths lowers the breakdown voltage. 
This suggests that there may be a good 
correlation between dielectric strength 
and d-c conductivity. 


Polarization 


The values of dielectric constant and 
dissipation factor obtaining in insulation 
at any one frequency, or over a range of 
frequencies, are determined by the exist- 
ing polarization. A value of dielectric 
constant greater than wnity indicates 
polarization and an extra contribution to 
capacitance from polar groups. At optical 
frequencies a value of the refractive index 
greater than unity shows that some polari- 
zation exists. Any value of dielectric con- 
stant greater than the square of the re- 
fractive index indicates further polariza- 
tion. A plot of dielectric constant against 
frequency has the general shape indicated 
in figure 1, which is after Murphy and 
Morgan.? The greatest value of dielectric 
constant occurs at zero frequency. 

Two general types of polarization occur 
over the audio- and radio-frequency range, 
dipole and interfacial. The former was 
suggested by Debye and the latter by 
Maxwell, later amplified by Wagner. D1- 
pole polarization is produced by polar 
molecules, in which the electrical centers 
of the positive and negative charges do not 
coincide. In an alternating electric field, 
such dipoles attempt to follow the direc- 
tion of the field. At sufficiently low fre- 
quencies there is time enough during each 
half cycle for nearly all of the dipoles to 
place themselves in line with the field and 
that type of polarization iscomplete. T he 
time required to carry the polarization to 
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1—1/e or 0.632 of completion is called the 
relaxation time. The corresponding fre- 
quency for which the polarization is com- 
plete usually appears in the megacycle 
range for the simpler polar molecules. 
For the more complex chain molecules, 
where dipoles occurring along the chain 
may produce a torsional vibration, this 
frequency may be found in the audio 
range. 

The rotational motion of the dipoles is 
opposed by their own heat motion and the 
motion of the other molecules, with the 
result that a definite amount of energy is 
lost at each cycle. The power loss at any 
frequency is the product of the energy loss 
per cycle and the frequency. It decreases 
to zero at both zero and infinite frequen- 
cies and hence produces a maximum in 
dissipation factor at some intermediate 
frequency. 

The d-c conductivity also contributes to 
the dissipation factor at very low fre- 
quencies and causes the numerical value 
of dissipation factor to become infinite 
rather than zero at zero frequency. This 
effect of d-c conductivity at very low fre- 
quencies is shown in figure 1, by the upper 
branch of the dissipation factor curve. 
For all ordinary dielectrics this contribu- 
tion to dissipation factor is negligible at 
audio frequencies. 

Interfacial polarization occurs at the 
interfaces of dissimilar dielectrics. These 
interfaces can occur as a few large sur- 
faces between two materials or as innu- 
merable small surfaces produced by finely 
divided particles. The free electrons and 
ions move throughout the volume of each 
dielectric and heap up at the interfaces. 
The charge accumulated at the interfaces 
during each half cycle contributes to the 
polarization in exactly the same way as 
does the lining up of the dipoles in dipole 
polarization. The resultant changes with 
frequency in dielectric constant and dis- 
sipation factor follow identical laws. In 
fact, it is not possible to distinguish the 
two types of polarization from the shapes 
of their frequency curves. 

A condition necessary for the existence 
of interfacial polarization is an inequality 
in the product of dielectric constant and 
specific resistivity for the two dielectrics. 
This dependence of interfacial polariza- 
tion on resistivity, and hence on free elec- 
trons and ions, suggests that there may be 
a good correlation between dielectric 
strength and the dissipation factor result- 
ing from interfacial polarization. 


Single Relaxation Time 


For a polarization having a single re- 
laxation time the changes of the various 
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Figure 2. Change of dielectric constant, loss 
factor, and dissipation factor with frequency 
for a single-relaxation-time polarization 


electrical characteristics with frequency 
follow definite laws. The polarization is 
completely defined’ by the high-frequency 
dielectric constant K ,,, the low-frequency 
dielectric constant Ko resulting from com- 
plete polarization and the relaxation time 
T. The maximum value of loss factor* is 
Ko-K foe) 


(DK) m race (1) 


and occurs at a frequency 

ema a 
™ 2aT 

which may be called the relaxation fre- 
quency. The curve of loss factor is sym- 
metrical about the relaxation frequency 


and is expressed by 


(DK) _._ filfm 
(DK)m — 1+F°/fro 


where both loss factor and frequency have 
been normalized with respect to their 
values at the relaxation frequency. 

The curve of dielectric constant also 
has a kind of symmetry about the relaxa- 
tion frequency and is expressed by 


(3) 


Ko—K ow 
1+f?/fm? 


The value of dielectric constant at the re- 
laxation frequency is the average value. 


K=Kot (4) 
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The shapes of these curves are shown in 
figure 2, where frequency and loss factor 
are plotted logarithmically while dielec- 
tric constant is plotted arithmetically. 
The curve of dissipation factor is also 
plotted logarithmically in figure 2. In its 
normalized form the expression for dis- 
sipation factor is identical with equation 3 
for loss factor, with a maximum value 


Ko—K w 


D / = —____— (6) 
EO. RK, 


*Loss factor is the product of dissipation factor and 
dielectric constant. 
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which occurs at a higher frequency 
fm! =faV Ko/K o (7) 


Whenever it is inconvenient to obtain 
values of dielectric constant because of the 
irregular shape of the dielectric, the ca- 
pacitance values may be used instead in 
these equations. Loss factor will have a 
different numerical value, while dissipa- 
tion factor will remain unchanged. 


Multiple Relaxation Times 


The curves obtained for the various di- 
electrics and for commercial insulation 
have very much broader maxima than 
the curve for a single relaxation time 
shown in figure 2. In addition, the value 
of maximum loss factor is much less than 
that calculated from equation 1. The 
explanation given by Wagner and ampli- 
fied by Yager‘ is that there exists a group 
of relaxation times distributed according 
to some probability law. 

The curves shown in figure 3 are given 
by Yager’ for a paper base phenolic, 
curves 15D for a dry specimen and curves 
15H for the same specimen conditioned at 
60% relative humidity. The maximum 
in loss factor at a frequency of ten mega- 
cycles is produced by dipole polarization 
of the cellulose filler and the curve is 
much broader than that shown in figure 2. 
The slight rise appearing at audio fre- 
quencies in curve 15D and caused by 
interfacial polarization is greatly increased 
by the moisture added under the condi- 
tions of curve 15H. The relaxation fre- 
quency of this polarization is well below 
the audio-frequency range. This curve is 
so broad that loss factor is increased even 
at ten megacycles. 


Circle Diagrams 


Cole and Cole*® have recently offered a 
simpler and more fruitful explanation for 
the broad maxima. The properties of a 
polarization having a single relaxation 
time are such that a plot of loss factor and 
dielectric constant, as shown in figure 4a, 
is a semicircle with its center on the dielec- 
tric constant axis and with intercepts on 
this axis equal to the zero and infinite 
frequency dielectric constants. It be- 
comes apparent immediately that the 
maximum loss factor must be one-half 
the change in dielectric constant as stated 
in equation 1. 

The important discovery of the Coles is 
that when loss factor is plotted against 
dielectric constant for various insulating 
materials a circular arc results whose 
center is depressed below the dielectric 
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constant axis by an angle @ as shown in 
figure 4b. The ratio a of this angle to a 
right angle is taken as the fourth parame- 
ter in defining the polarization. It can 
be considered as a storage coefficient, 
which determines the ratio of the stored 
energy to the dissipated energy for what- 
ever mechanism is assumed for the polari- 
zation. The data of figure 3 for a paper 
base phenolic are thus plotted in figure 5. 
The circular arc is well defined for the dry 
material and the divergence of the points 
at the low frequency end shows the exist- 
ence of asecond polarization. For the wet 
material the effect of the interfacial polari- 
zation is very marked but the data were 
not carried to low enough frequencies to 
define its circle. Values of the four pa- 
rameters for the high frequency polariza- 
tion are given in table I. 


Table I. Paper-Base Phenolic 
fm 
Ko Ko—-Ko Me a 
AWS Bs eee A eer he a ae LOS tae 145 3253 0.52 
LO dws scaunas AOU wsthens IEW Wy Ppa VA Broan 0.63 


The addition of moisture, while slightly 
increasing the storage coefficient 6, has 
its greatest effect on the change in dielec- 
tric constant Ky>—K we 


Effect of Temperature 
on Polarization 


The effect of increasing temperature on 
both types of polarization is to decrease 
the forces opposing the motion of the car- 
riers and thereby to raise the relaxation 
frequencies. This moves upward on the 
frequency scale all the curves of dielectric 
constant and loss factor without greatly 
changing their numerical values. At a 
given frequency dielectric constant al- 
ways increases with temperature at the 
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Figure 3. Change of dielectric constant and 
loss factor with frequency for a paper-base 
phenolic (after Yager) 


15D dry, 15H conditioned at 60 per cent 
relative humidity 
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lower temperatures and consequently 
its temperature coefficient is positive. 
The magnitude of this coefficient is by 
no means constant but depends both 
upon the amount of polarization and on 
the ratio of the measuring frequency 
to the relaxation frequency. After the 
polarization is complete at a high tem- 
perature, dielectric constant frequently 
decreases and the coefficient becomes 
negative. 

Loss factor and dissipation factor may 
increase or decrease with temperature 
depending on whether the measuring fre- 
quency is greater or less than the relaxa- 
tion frequency. For most commercial 
insulation showing interfacial polariza- 
tion the relaxation frequency is well below 
both audio and power frequencies, and the 
temperature coefficient is positive. It is 
always possible, however, for polarization 
from a single interface or from dipoles to 
occur at a higher frequency than the meas- 
uring frequency and make the tempera- 
ture coefficient negative. 


Effect of Voltage on Polarization 


The effect on polarization of increasing 
voltage is to increase the amount of inter- 
facial polarization because of the increase 
in the number of free electrons and ions. 
This will generally increase the value of 
maximum loss factor and decrease the d-c 
resistance. 


Polarization in 
Commercial Insulation 


Commercial insulation, as used in bush- 
ings and insulators, consists of a number 
of dielectrics in series and parallel. Inter- 
facial polarization, with maximum dis- 
sipation factor occurring in the milli- 
cycle range,* is usual. Curves of capaci- 
tance and dissipation factor for a 25-kv 
compound-filled bushing are given in 
figure 6 for four different temperatures. 
These observations were taken on a Scher- 
ing bridge operating at 100 volts. The 
shapes of the curves indicate the existence 
of both a high-frequency and a low- 
frequency polarization, but the frequency 
range is insufficient to allow the construc- 
tion of circular arcs, even though the 
lowest frequency used was ten cycles. 

The temperature coefficients are all 
positive and have the values given in 
table II. 

The large variations in temperature co- 
efficient indicate the difficulty of stating a 


single value applicable under all condi- 
tions. 


*From 0.001 to 1 cycle per second. A frequency of 
one millicycle is 0.001 cycle per second. 
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a 


Figure 4. Circle diagrams (after Cole) 


(a) Center of circle on dielectric constant axis 
(b) Center of circular arc depressed by angle ¢ 


Similar curves for a 66-kv multiple 
shell porcelain insulator are given in 


figure 7. Superposed on the low frequency © 


polarization of the porcelain are the polari- 
zations at the interfaces of the porcelain 
shells and the cement which holds the 
shells together. The changes in their re- 
-laxation frequencies with temperature 
amount to about 15% per degree centi- 
grade. This is sufficient to cause the dis- 
sipation factor curves to cross each other 


Table Il. Temperature Coefficients for 25-Kv 
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and the capacitance curves to be anoma- 
lously spaced. The temperature coeffi- 
cient of dissipation factor changes sign 
with both temperature and frequency 
and cannot be used for correcting to a 
standard temperature. The average tem- 
perature coefficient of capacitance at 60 
cycles is 0.3% per degree centigrade. 

The change in the interfacial polariza- 
tion of porcelain and cement as the mois- 


Figure 6. Effect of temperature on capacitance 
and dissipation factor of a 25-kv compound- 
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ture content of the cement is changed is 
startling. In figure 8 is shown the effect 
of allowing water to stand in contact with 
the cement for 5'/) hours. The relaxation 
frequency is raised to 800 cycles. Further 
soaking for 4 days raises this frequency to 
18 kilocycles. Characteristic changes also 
occur in the capacitance of the insulator. 
The existence of such polarizations com- 
plicates the determination of the main 
low- and high-frequency polarizations, 
but affords added information concerning 
the structure of composite insulation. 


Current-Time Curves 


The interfacial polarization occurring 
in commercial insulation has been shown 
to be of such a nature that its relaxation 
frequency is well below the range of 
bridge measurements and in many in- 
stances is not greater than a few milli- 
cycles. Curves of charging current 
against time when a voltage is applied, or 
of discharge current when the voltage is 
removed, offer a feasible means of meas- 
urement. The existence of this charging 
current has been a great annoyance in the 
measurement of d-c resistance, and has 
led to such arbitrary rules as the specifica- 
tion that d-c resistance shall be calculated 
from the current flowing one minute after 
the application of the voltage. It is now 
obvious that resistance calculated in this 
manner is only an apparent resistance, 
which actually is a partial measure of the 
existing polarization. The complete curve 
contains the information needed to deter- 
mine all the parameters which define the 


Figure 5. 


Circle diagrams for paper-base 
phenolic of figure 3 


15D dry, 15H conditioned at 60 per cent 
relative humidity 


1932 analyzed charging current curves for 
paper taken by means of a cathode-ray 
oscilloscope and obtained values of dis- 
sipation factor which agreed within 2% 
with measurements taken on a 60-cycle 
Schering bridge. Murphy and Morgan’ 
in 1939 placed this method of analysis on 
a better theoretical basis. They showed 
that charge and discharge currents differ 
by the d-c leakage current only when the 
polarization during charge has been car- 
ried to completion. It is necessary either 
to subtract the leakage current from the 
charging current before beginning the 
analysis or to carry the charging to a time 
which is long compared with the relaxa- 
tion time before beginning the discharge. 
It is very difficult to estimate the correct 
value of leakage current, and the latter 
method is preferable in spite of the extra 
time involved. 

The charging current at 500 volts for 
the 66-kv insulator is given in figure 9. 
After subtracting the leakage current of 
0.62 mua, the residual current was ana- 
lyzed into the five exponentials shown, 
whose relaxation times vary from 0.4 to 
63 seconds. The corresponding curves of 
dissipation factor are shown in figure 10. 
Their sum is the total dissipation factor 


Figure 7. Effect of temperature on capacitance 
and dissipation factor of a 66-ky multiple-shell, 
pin-type, porcelain insulator 
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Figure 8. Effect of moisture absorption on 
capacitance and dissipation factor of a 66-kv 
multiple-shell porcelain insulator 


The contributions to dissipation factor from the 
polarizations at the cement-porcelain interfaces 
are shown in dotted lines 


produced by the interfacial polarization. 
The contribution from the leakage cur- 
rent is then added. The corresponding 
values of capacitance are also given. The 
resulting circular arc is shown in figure 11. 
The falling-off of the values of loss factor 
at the low-frequency end is caused both 
by the difficulty of estimating the leakage 
current correctly and by the lack of long 
time data. The charging current should 
have been observed for a considerably 
longer time than 15 minutes. At the high- 
frequency end the points diverge because 
of the extra polarizations from the por- 
celain-cement interfaces. The four pa- 
rameters derivable from the circular arc 
are given in the first row of table III. 


Table Ill. 66-Kv Porcelain Insulator 
Co Co—C o fm 
Method ppt ppt Mc a 
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The calculations required to obtain the 
four parameters in this manner are quite 
involved and take several hours to per- 
form. Cole and Cole? in their most re- 
cent paper show that the current-time 
curves for any polarization have certain 
characteristic shapes, which are deter- 
mined solely by the storage coefficient «, 
or depression angle @ of the center of the 
circular are. The curve for a=0 (center 
of circle on the dielectric constant axis) is 
a single exponential, which plots as a 
straight line on arith-log paper. It corre- 
sponds to the single relaxation-time polari- 
zation defined by equations 1 to 7. At 
the other extreme when a=1 the curve is 
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a 45° line when plotted on log-log paper. 
The family of curves are best plotted 
logarithmically on both axes. The ob- 
served current-time curve, plotted to the 
same scale, is matched to one of these 
curves and the values of storage coeffi- 
cient a, relaxation time 7, and current at 
that relaxation time noted. The residual 
current curve of figure 9 has been analyzed 
by this method with the results given in 
the second row of table IIT. The agree- 
ment between the two methods is reason- 


CURRENT 
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Figure 9. Analysis of the 500-volt charging 
current curve of a 66-kv multiple-shell por- 
celain insulator 
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Figure 10. Capacitance and dissipation factor 

of a 66-ky multiple-shell porcelain insulator 

as calculated from the exponentials shown 
in figure 9 


ably good. It is quite necessary in this 
graphical analysis to use a discharge- 
current curve which covers at least three 
time-decades symmetrically disposed 
around the relaxation time. 


Effect of Deterioration 
on the Polarization Parameters 


The most common types of deteriora- 
tion in insulation have been shown to be 
the absorption of moisture and the forma- 
tion of voids. In a way they go together, 
because the existence of voids furnishes 
an additional porosity which can increase 
the moisture absorption. This appears to 
be particularly true of the pasted mica in- 
sulation used in large generators. The 
added moisture increases the dielectric- 
constant change Ko—K ~ both on account 
of the high dielectric constant of water and 
also because of the added interfaces and 
free ions. The relaxation frequency f,, is 
usually increased. The effect on the 
storage coefficient a is not known. 

The voids formed by chemical or me- 
chanical means provide additional inter- 
faces at which ionization can occur. 
Under intense ionization these surfaces 
are damaged by carbonization and oxida- 
tion with a resultant increase in the di- 
electric-constant change Ky—K.: The 
effect of ionization on relaxation fre- 
quency and storage coefficient has not 
been determined. 

Of the other chemical changes that may 
take place, polymerization appears to 
have little effect on the amount of polari- 
zation, and loss of volatile matter seems 
to decrease the polarization, as would be 
expected because of the loss of a foreign 
material. 

It has already been shown that both di- 
electric strength and interfacial polariza- 
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trons and ions. The changes in the three 
arameters Kyo—K , fm, and a will not 
only measure the amount of the deteriora- 
tion, but will indicate the type of deterio- 
ration as well and hence will suggest the 
probable decrease in dielectric strength. 
rhe success of such interpretation will de- 
pend greatly on the thoroughness with 
which interfacial polarization in typical 
insulating materials is studied by means 
of current-time curves. 

An important by-product of these stud- 
ies will be numerical values for the tem- 
ature and voltage coefficients of the 
hree parameters. At the present time 
only their signs are known." The dielec- 
ric-constant change Ky»—K.. decreases 
‘slowly with temperature, but increases 
onsiderably with voltage. Relaxation 
frequency f,, increases rapidly with tem- 
perature, frequently at the rate of a dec- 
ade in frequency for a rise of ten degrees 
entigrade. Storage coefficient a often 
decreases with temperature. The effect 
of voltage changes on these two parame- 
ters is not yet known. The importance 
of knowing the temperature coefficients is 
that it will then be possible to reduce 
data taken at widely differing tempera- 
tures to a standard temperature. Diffi- 
culties from rapidly varying coefficients 
such as were illustrated in figure 6 no 
longer occur for these polarization pa- 
rameters. 


Single-Frequency Measurements 


Only when the kind of deterioration and 
the type of insulation is known will 
measurements of capacitance and dis- 
sipation factor at a single frequency af- 
ford a reliable measure of the amount of 
deterioration. The relaxation frequency 
is so low that it makes little difference 
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whether an audio frequency or the power 
frequency is used. There is no virtue in 
using the operating frequency and there is 
considerable advantage in choosing some 
neighboring frequency, because it will 
then be much easier to eliminate the effect 
of the intense electric field at the operat- 
ing frequency in which many measure- 
ments must be made. 

Measurements spread throughout the 
audio-frequency range will add little to 
the information obtained from single fre- 
quency data, except as they may disclose 
unusual polarizations of the type shown 
in figures 5 and 6, and as they provide 
values of the infinite frequency capaci- 
tance and dielectric constant. These fre- 
quencies will be too far removed from the 
relaxation frequency to be of any help in 
constructing a circular arc and thereby 
determining the polarization parameters. 
For this same reason even wide changes in 
the applied voltage will have little effect 
on capacitance and dissipation factor, 
even though the changes in zero fre- 
quency capacitance C, and maximum 
dissipation factor D,,’ are appreciable. 
Measurements made at the power fre- 
quency of 60 cycles on both new and de- 
teriorated bushings at voltages from 50 
volts to 10 kv bear out this conclusion. 


Conclusions 


It has been shown that a satisfactory 
correlation can exist between dielectric 
strength and low-frequency interfacial 
polarization in insulation, because of their 
mutual dependence on the abundance and 
disposition of free electrons and ions 
throughout the material. Any decrease 
in dielectric strength caused by deteriora- 
tion can therefore be measured by the cor- 
responding changes occurring in this 


polarization. The polarization is defined 
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Figure 11. Circle diagram for a 66-ky insu- 
lator drawn from the data of figure 10 


by certain parameters and a new method 
for their measurement has been outlined, 
involving the graphical analysis of cur- 
rent-time curves. 
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Radiobroadcasting in Canada 


A. FRIGON 


ASSOCIATE AIEE 


Synopsis: The development of radio broad- 
casting in Canada has been very rapid and 
there are now 85 broadcast transmitters in 
daily operation. All broadcasting is under 
the control of the Canadian Broadcasting 
_ Corporation, an independent Government 
corporation, which in addition to its regu- 
latory functions operates a coast to coast 
network connecting together, for a nation- 
wide service, its own ten modern stations 
with almost half of the privately owned 
transmitters. It cannot therefore be said 
that radio in Canada is owned and operated 
by the Government as the CBC is inde- 
pendent and free to apply its revenues de- 
rived from licenses and commercial opera- 
tion, in the best interests of its radio audi- 
ence. The Canadian system is one of co- 
operation between a semipublic service and 
_ private ownership. Parliamentary enquiries 
have always found it the best suited to 
Canada’s needs considering its vast area and 
relatively sparse population. 


ADIO broadcasting in Canada be- 
gan at about the end of the last War 
when an experimental station originated 
programs for a few hours a day. Follow- 
ing this the first network broadcast in 
Canada took place on Christmas Day, 
1923, when an experimental station in 
Ottawa was connected to a station in 
Montreal. In 1926-27 an Eastern Canada 
network was organized extending from 
Moncton, N. B. to Toronto; then in 
1928-29 our first coast to coast network 
was inaugurated. Shortly before this time 
however, on the occasion of the Diamond 
Jubilee of Confederation, July 1, 1927, 
Canada’s capital city Ottawa was linked 
for the first time in a nation-wide broad- 
cast using the combined facilities of the 
Telephone and Telegraph Companies in 
Canada. 

Thus, in 1932, when the Canadian 
Radio Broadcasting Commission was 
created by Parliament, the principal wire 
companies in Canada were already pro- 
viding facilities for network broadcast. 
In 1936, the Commission was superseded 
by the Canadian Broadcasting Corpora- 
tion which took over the facilities and per- 
sonnel of its predecessor. 

The present system of radio broadcast- 
ing in Canada has, since 1928, been con- 


Paper 41-113, recommended by the AIEE com- 
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sidered the best available by all parlia- 
mentary committees of enquiry on this 
subject. Moreover, the present corpora- 
tion is different from the Commission, 
which controlled radio from 1933-36, but 
the principle of accommodating privately 
owned stations and public service systems 
has been recognized as the best for 
Canada for a number of years. The vot- 
ing in the House of Parliament and of 
its special committees treating on radio 
has always been unanimous. 

Of the 85 broadcasting stations at pres- 
ent operating on the standard frequency 
band in Canada, ten are owned and 
operated by the CBC; the balance are 
privately owned. Twenty-five of the lat- 
ter and theten CBCstations constitute our 
national network. 

The CBC itself is an independent 
Government corporation, quite free to run 
its business as it may please, not using 
public money in any manner but operating 
with revenues provided by the receiver 
license fees contributed to the corpora- 
tion by every owner of a receiving set; 
this is supplemented by revenues obtained 
from the commercial operation of the sta- 
tions. Outside of permitting the corpora- 
tion to pay for part of the network cost, 
the national network, commercially run 
by the corporation, does not bring any ap- 
preciable profit. 

The CBC is a non-profit enterprise, 
operating within its own revenues and 
serving the interests of the public. There 
are no shares, there are no bonds. The 
Board of Governors is entrusted with the 
administration of the revenues placed at 
its disposal and is responsible for the hon- 
est and efficient conduct of the business to 
a Minister of the Crown. Any surplus in 
operation is considered as such and in- 
vested in the business. It is not dis- 
tributed as profits and not returned to 
the public treasury. 

On the other hand, privately owned 
stations operate under conditions similar 
to those existing in the United States, 
They conduct their business as they 
please, and their operating profit is 
theirs but, as in the United States, they 
must, pertaining to program only, submit 
to certain regulations which in Canada 
are formulated by the CBC. 

The restrictions as to program, self- 
imposed in the case of CBC stations, are 
such that restraint of private stations is, 
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in my belief, not serious. For instance 
the CBC will not carry commercial spor 
announcements. It will not carry certatr 
types of commercial programs and gen 
erally does not accept a great number of 
the local commercial programs. Thesé 
restrictions and many others do not apply 
to privately owned stations. 

To emphasize on this freedom of the 
commercial side of the business, I may 
state that there are three privately owned 
stations in Canada which are outlets of the 
American networks and there are fout 
CBC stations also having direct network 
connections with American networks. 
These facts will immediately prove to 
you that broadcasting in Canada is 
neither owned nor operated by the 
Government. 

Our dependence on American networks 
for a good many of our best programs pre- 
sents some difficulties at times, but gen- 
erally speaking, it is considered as a very 
welcome asset and a great means of foster- 
ing closer understanding between our two 
countries. 

From the network operating point of 
view we have problems in Canada which 
do not exist in the United States. The 
CBC network, which is the longest east 
to west network in the world extending 
over three thousand air miles, covers five 
time zones instead of the four south of the 
border. This great distance separating 
the two extremes of the network and more 
particularly the great difference in local 
time renders the problem of co-ordinat- 
ing the program service very difficult. In 
addition we have a bilingual population, 
as almost one third of all Canadians speak 
French. In the province of Quebec we 
have besides our basic trans-Canada net- 
work a Regional French network. The 
French speaking minorities located 
throughout the other eight provinces are 
however constantly clamoring for more 
French programs. This presents a prob- 
lem requiring a good deal of attention. Of 
course our greatest difficulty in Canada 
is the same as that faced by our trans- 
portation companies and is due to the 
wide scattering of a relatively smal! 
population across an extremely large 
area. This means low revenue and yet 
high cost of service. In the Unitec 
States there is twelve times the popula: 
tion in five-sixths of the area, while ir 
England the British Broadcasting Cor. 
poration serves four times the populatior 
concentrated in but one sixty-fifth of th 
area. In normal times this must, at leas 
from the engineering standpoint, be < 
broadcaster’s paradise, where the whol 
network is hardly longer than some of ou: 
local loops and where lines are only a fev 
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ibundred miles in length as compared to 
t he five or six thousand miles some pro- 
g ams on this continent have to travel be- 
fore reaching their destination. 

The largest studios are located in 
Montreal and in Toronto where ap- 
proximately 50% of our programs are 
produced. For exchange programs from 
or to American networks we have special 
switching facilities at Montreal and 
Toronto for the National Broadcasting 
ee pany Red and Blue networks, at 

Vancouver and Windsor exchanges with 
pthe Columbia Broadcasting System are 

handled, and again at Windsor for ex- 
, changes with the Mutual Broadcasting 

System and the Michigan Radio network. 
_ Broadcasts from the British Broadcasting 
_ Corporation in England are relayed to our 

network through our short-wave receiving 
_ station in Ottawa. At thisstation, we have 

directional aerials and diversity receivers 
constantly tuned to various points in 

Europe and South America. Before hos- 
tilities began important features or news 
gathered in this manner were broadcast 
over the network. From some of these 
sources activities are now necessarily cur- 
tailed. On the other hand, our relations 
with the British Broadcasting Corpora- 
tion are even closer than ever. We have 
at the present time a number of our men 
in England working in conjunction with 
the British Broadcasting Corporation per- 
sonnel, 

One very interesting point is that the 
CBC is in the enviable position of being 
able to secure for its listeners, at any time, 
a greater variety of programs than are 
normally available to any other broad- 
casting system in the World. They are 
made up as follows: First it has access to 
the leading programs of all the principal 
networks in the United States. Second, 
broadcasts from Europe for the time being 
are limited to those from the British 
Broadcasting Corporation. Third, its 
own English network and fourth, its own 
French network. 

Some special feature broadcasts have 
been of considerable credit to the CBC. 
An example of this was the Christmas 
Broadcast in 1935. During the two hour 
feature pick-ups were scheduled from some 
35 different and in some cases almost in- 
accessible spots ranging from a point two 
miles under the Atlantic ocean to a golf 
course on an island in the Pacific. It was 
during this broadcast that eight choirs 
located at widely separated cities sang in 
perfect harmony with an orchestra at 
another point. 

A more recent example involving still 
wider facilities was the Empire Day 
broadcast of May 24, 1939, during the 
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visit of Their Majesties. The program 
which lasted an hour began with a rapid 
visit across Canada with Canadians speak- 
ing from Halifax, Montreal, Toronto, 
Winnipeg, Regina, Edmonton, and Van- 
couver then it carried the listener to 
Africa, Rhodesia, Australia, New Zea- 
land, India, Jamaica, Newfoundland, 
Scotland, Northern Ireland, Wales, and 
England and then, to climax the broadcast, 
back to Winnipeg in Canada for the Em- 
pire Day message given by the King him- 
self, 

The Canadian contributions were 
brought together by land lines and those 
from other points of the Empire via 
short-wave radio relay lines. In Montreal 
all these elements were blended into a pro- 
gram which was relayed to 54 stations 
across Canada and 335 transmitters of the 
NBC, CBS, MBS, MRN in the United 
States and also to all parts of the British 
Empire by means of short-wave radio. 

In all, we estimate that over 25,000 
miles of telephone circuits and 100,000 
miles of radio telephone links were used 
plus the services of some 2,000 techni- 
cians simultaneously engaged at the con- 
trols, constituting a program which was 
within the reach of millions of people. 

Summing up, the CBC is mainly con- 
cerned with national and regional prob- 
lems of broadcasting. This explains why 
it maintains a very elaborate network of 
broadcasting lines of a total length of over 
7,000 miles reaching almost every broad- 
casting stationin Canada. Asa matter of 
fact, these lines are owned and operated 
for the CBC by our two main railway 
companies: the Canadian Pacific Railway 
and the Canadian National Railways. 
Under contract, the telegraph divisions of 
these two companies must maintain the 
wire line service between some 70 points 
across the country, the service being sub- 
ject to certain specifications concerning 
the quality of transmission. This network 
permits the CBC to reach over 90% of the 
population of Canada within the primary 
coverage of some broadcasting station, 
that is within the 5 millivolts per meter 
contour of some station. If we consider 
that people living outside of these areas 
are for the most part isolated from 
industrial centers and can _ therefore 
obtain good reception from much lower 
field intensities, it may be said that the 
CBC network reaches practically all the 
population of Canada. 

For commercial purposes, a group of 
stations has been organized as a network 
under the name of the National Network. 
This is composed of five regional networks 
which may be handled separately from a 
commercial point of view. Whenever 
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some program of great national impor- 
tance is handled by the CBC, for instance 
for all broadcasts of the Royal Visit or 
when our Prime Minister or your Presi- 
dent has a message to send to the public, 
such broadcasts are offered to all stations 
in Canada, Those on the National Net- 
work carry the program, the others, 
while they are not obliged to, usually 
carry it of their own accord. This, I be- 
lieve gives you a general outline of broad- 
casting in Canada. 

It is difficult to give correct figures on 
privately owned stations as they are quite 
independent to run their show as they 
please and they are not required to submit 
a report on their financial operations ex- 
cept, of course, in so far as taxes or 
revenues are concerned, but files on these 
matters are not open to the public. 

As I have said before, the CBC operates 
under a budget covering each fiscal year. 
Since its organization on the Ist of 
November 1936, the corporation has had a 
total operating surplus of $1,000,000— 
$600,000 of which has been re-invested in 
the corporation’s plant. Our board is 
proud to have been able to operate 
a rather difficult business with a surplus 
each year. This is not always the case 
with organizations who may hope to ob- 
tain the help of the Government when 
they get into bad straights. 

During less than five years since its in- 
ception, the CBC has built four 50-kw 
transmitters, one of 5 kw, a 7!/2-kw short- 
wave transmitter, and new studios at two 
points. Besides this, a 5-kw transmitter 
was revamped as were two sets of studios. 
It also had the privilege of leasing from 
the Manitoba Telephone System the 
studios built by that organization in 
Winnipeg. 

The Engineering Division is divided 
into five departments: 


The Operation Department, 

The Transmission & Development Depart- 
ment, 

The Architectural Department, 

The Design & Construction Department, 
and the Purchasing & Stores Department. 


Of a total staff of some 600 we have at 
present 185 employees in the main di- 
visions of the technical service. Forty of 
these are graduate engineers and 100 are 
technicians and operators specialized in 
radio work. 

Had it not been for the war we would 
probably have two important new build- 
ings, one in Toronto and one in Montreal, 
to take care of our studio and office re- 
quirements at those points. The war has 
prevented heavy capital expenditures. 

Although we ourselves fabricate a num- 
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Introduction 


HE AIEEE transformer sub-commit- 

tee has recently sponsored a paper! on 
the protection of power transformers 
against lightning surges. The most ef- 
fective method given combines overhead 
ground wires, line entrance gaps, and 
transformer mounted lightning arresters. 
Such a method does give a high degree of 
protection, but it is primarily applicable 
to high voltage, high capacity stations 
where the overhead ground wire system is 
justified for both line and station. 

The conditions noted above are seldom 
fulfilled on subtransmission systems from 
23 kv to 34.5kv. Effective ground wires 
and low ground resistances are uneconomi- 
cal, and the protection provided is usu- 
ally a more or less modern arrester, not 
always located and grounded to the best 
advantage. 

On the 23-kv subtransmission system 
of the Duquesne Light Company, the 
average transmission distance is approxi- 
mately two miles. This means that most 
direct strokes will contact the line not 
more than one mile from some substation. 
Much of this transmission is now 
equipped with wood cross arm braces and 
guy insulators, and at some stations 
several spans adjacent thereto are carried 
on unguyed poles. 

Under such conditions, it is possible 
for very high voltage waves to strike the 
station and result in arrester discharge 
currents having high rates of rise. 

It is the purpose of this paper to out- 


line briefly some of the field experience 
pointing to this factor as a cause of trans- 
former and arrester failures, and to pre- 
sent a limited discussion of laboratory 
tests and calculations relating to a pro- 
posed method of achieving a high degree 
of protection for equipment so exposed. 


Field Experience 


After several years’ experience with 
improved station insulation and modern 
types of carborundum block arresters,? it 
has become apparent that arrester failures 
are confined to a few exposed locations. 
Furthermore, most cases of insulation 
failure are associated with definite evi- 
dence of direct strokes to the line near 
the station. 

In one station, no equipment failures 
have occurred, but arrester failures aver- 
age one per year. In another station 
there have been no arrester failures, but 
transformer failures average one every 
two years. In still another case, the ar- 
rester suffered no damage but a trans- 
former bushing flashed over. This par- 
ticular bushing had an impulse strength 


Paper 41-102, recommended by the AITEE com- 
mittee on protective devices, and presented at the 
AIEE summer convention, Toronto, Ontario, 
Can., June 16-20, 1941. Manuscript submitted 
April 8, 1941; made available for preprinting 
May 6, 1941. 
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over twice the arrester impedance voltage | 
at 5,000 amperes on the standard AIEE ~ 
test wave. 

Such instances have emphasized the 
necessity of providing some sort of 
back-up device which would come into 
play under extreme conditions only, yet 
not affect service under the great number — 
of minor surges. 

In one station, six-inch rod gaps were 
installed in parallel with the arresters 
two years ago, yet another transformer 
failure occurred in 1940. 

As a result of this experience, it was de- 
cided to make a series of tests in the labo- 
ratory in order to determine if some 
method could be found to afford protec- 
tion under such conditions. 


Performance of Arresters 


In analyzing the performance of light- 
ning arresters subjected to high rates of 
current rise, it becomes apparent that the 
so-called IR voltage depends both on the 
rate of current rise as well as on the maxi- 
mum value of the current. It has been 
found that a fair approximation to the 
actual characteristic can be obtained by 
using an equivalent circuit composed of 
a constant voltage, a constant resistance, 
and a constant inductance in series. 

Such representation is, of course, en- 
tirely empirical, and serves merely to per- 
mit approximate calculations. The 
method of determining the constants is 
shown in figure 1. The value of the ar- 
rester voltage drop at the time of crest 
current is plotted for two well-separated 
values of crest current, and the line join- 
ing these points extrapolated to current 
zero to determine the value of E,. The 
slope of this line determines the value of 
R,. The difference between the crest of 
the arrester voltage and the value at the 
instant of crest current is a measure of the 
fictitious inductive drop at this time. 
These values are not strictly constant, but 


ber of the minor parts of our equipment, 
we purchase the bulk of our plant from the 
usual equipment manufacturers. Our 
new 50-kw stations in Toronto and Mon- 
treal are Northern Electric transmitters. 
Those in Sackville and Watrous are RCA. 
We propose to co-operate with the Cana- 
dian Marconi in the operation of an F.M. 
transmitter on Mount-Royal, Montreal. 

All our construction is designed and 
supervised by our own staff but actual 
building is assigned by tender to firms who 
are invited to bid. 

Thus, it is seen that radio broadcasting 
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in Canada is conducted under a dual sys- 
tem of individual privately owned stations 
and of a public service network operated 
by the CBC. This particular organiza- 
tion, besides having authority to regulate 
over program contents generally of 
private stations also owns and operates a 
number of its own stations and a network 
composed of both CBC and _ privately 
owned stations. Besides, the CBC acts as 
an agency in booking network programs 
on all network stations whether they are 
its own or privately owned. There is 
also a provision for the setting up of par- 
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tial networks to meet special demands 
from sponsors or to take care of the over- 
flow on the national or regional networks. 
This system has been in operation for more 
than five years and has proved to meet with 
the wishes of the very great majority of 
Canadians across the Country. The pub- 
lic service angle has proved extremely suc- 
cessful in certain instances of national im- 
portance and all indications are to the ef- 
fect that present conditions will be main- 
tained to the best satisfaction of the spon- 
sors, artists, musicians, and the listening 
public. 
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Figure 1. Method of determining constants 
for equivalent circuit of arrester 


decrease with increasing discharge cur- 
rent. Values may be chosen for moder- 
ately high current and used with the 
knowledge that they will be conservative 
for extreme conditions. Figure 2 shows 
calculated and measured arrester voltages 
for the currents and arrester constants 
shown. 


Transformer-Arrester 
Co-ordination 


Because of the relative characteristics 
of gaps, transformers, and line type ar- 
resters, it is not possible to secure com- 
plete back-up protection for short times. 
This situation is illustrated in figure 3 
where a modern transformer of the 23-kv 
class is compared with a modern arrester 
and a six-inch rod gap. 


Gap-Reactor-Arrester Protection 


Since the rate of rise characteristic of 
the arrester is simulated by an inductance, 
it seemed logical to add an external re- 
actor which would increase the voltage at 
the gap location for high rates of current 
rise, and thereby at least partially offset 
the turn-up in the rod gap characteristic. 
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This scheme is just the reverse of the old 
arrester-choke coil sequence in that the 
arrester is transformer-mounted and so 
limits the voltage at the vital point in the 
most effective way possible. In the old 
scheme, the arrester voltages for high 
rates of current rise were further aggra- 
vated by oscillations between arrester 
and transformer at the natural period of 
the choke inductance and effective trans- 
former capacitance. In the new scheme, 
the basic protection is located at the 
transformer. The inductance and ca- 
pacitance slope the wave front and 
lower the arrester breakdown, while the 
back-up gap is brought into action only 
when required to keep the arrester imped- 
ance voltage at a safe level. 


Calculations for Theoretical Scheme 


Figure 4 shows such a protection sys- 
tem. Through the substitution of the con- 
stant circuit elements to represent the 
arrester, it is possible to estimate the ef- 
fect of any assumed terminal current. 
Although no “‘turn-up” is shown for the 
transformer strength, such an increase 
does exist and would actually provide a 
greater margin of safety than that indi- 
cated. The effect of this protection sys- 
tem at short times is roughly equivalent 
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Figure 2. Comparison of test results and 
calculations from equivalent circuit 


to the back-up protection of a 3.5-inch 
gap without the reactor. 


Laboratory Tests 


Impulse tests were made on the com- 
bination protective scheme in order to 
check the theory within the limitations of 
the laboratory equipment. Figure 5a 
shows the oscillogram of the voltage 
across the six-inch gap, while figure 5) 
shows the voltage across the arrester 
under the same conditions. Figure 5c 
shows the voltage across the arrester for a 
higher rate of rise of current, and without 
the reactor. 

As a final test of the protection system, 
it was decided to make a complete set-up 
including a 100-kva, 3-phase, 22,000/ 
460/230-volt transformer. The particu- 
lar transformer chosen was an exact du- 
plicate of those mentioned earlier as hav- 
ing flashed over or failed internally three 
times in six years. The surge generator 
was adjusted for maximum voltage and 
all series resistance was short-circuited. 
Under such conditions, the voltage, if un- 
limited by gap breakdown, would reach 
about 650 kv in something less than one- 
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half microsecond. Under these condi- 
tions, the generator was discharged into 
the system several times without damage 
to the transformer. A maximum voltage 
of 121 kv was recorded’at the transformer 
bushing. Current measurements under 
stich conditions were impossible, but it is 
estimated that the rate of current rise 
approximated 20 ka per microsecond. 

Following this test, the transformer was 
subjected to both full wave and chopped 
wave tests slightly under the present 
AIEE standard values, and no evidence 
of insulation failure was detected. 
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Conclusion 


It appears possible to employ a reactor 
or ‘‘choke coil” to compensate for the steep 
turn-up of rod gaps when the latter are 
used as back-up voltage limiting devices 
in conjunction with transformer-mounted 
lightning arresters. Moreover, such a 
combination gives promise of providing a 
high degree of protection to stations fed 


Laboratory tests on gap-reactor- 
arrester system 


Figure 5. 
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Figure 4. Calculated performance of gap- 
reactor-arrester protection scheme 


at subtransmission voltages over wood 
pole lines without overhead ground wires. 
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Introduction 


} COLD cathode tube isa gas discharge 

device capable of serving as a relay, 
a rectifier, or a voltage regulator.'? It 
depends for its action upon the properties 
of gas discharges. The salient property 
employed is the fact that there is a differ- 
ence between the breakdown voltage, or 
voltage necessary to initiate a discharge, 
and the sustaining voltage, or voltage 
drop across the tube when conducting. 
The principles involved are not new but a 
practical device capable of operating on 
voltages of 150 volts or less has awaited 
the relatively recent development of 
suitable cathode coating materials. The 
cathode surface employed at present con- 
sists of a coating of barium and strontium 
oxides applied to a nickel base. These 
oxides are partially broken down to bar- 
ium and strontium metal during exhaust. 
During the operation of the tube the bar- 
ium is continually removed from the 
cathode by sputtering and is replaced by 
further reduction of the oxide reservoir. 
The life of the tube is limited, therefore, 
by the amount of material present and 
by the rate of sputtering. 

Because the cold cathode tube requires 
no cathode heating power it is well 
adapted to those applications in which the 
service is intermittent. The absence of a 
hot cathode implies no deterioration dur- 
ing idle periods and the ability of the tube 
to start instantly upon the application of 
an input signal. These properties have 
opened a wide field of use to the cold 
cathode tube and it is felt that this field 
may be widened if the tubes are so rated 
as to take cognizance of the fact that their 
life is determined by sputtering and the 
consequent exhaustion of the reservoir of 
cathode material. Other gas tubes, such 
as vapor rectifiers and thyratons, have 
been rated in terms of peak and average 
current. These ratings have been based 
on anode power dissipation and electron 
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emission capability of the cathode surface. 
In the case of the cold cathode tubes it is 
desirable to have the rating bear a rela- 
tionship to the rate of sputtering. Fora 
tube of given manufacture, the rate of 
sputtering is determined solely by the 
current drawn. The general form of the 
life rating should be, therefore, a tabular 
relationship between the average life to 
be expected and the current. Several 
values of current and life are needed since 
the rate of sputtering is not proportional 
to the current. 

If a cold cathode tube is operated until 
it fails in service certain changes may be 
observed visually. These are: first, a 
dark band on the tube walls in the vicin- 
ity of the cathode and, second, a change in 
color and surface appearance of the cath- 
ode. These observations may be ac- 
counted for by assuming that the cathode 
material is lost by either evaporation or 
sputtering. To test the idea of loss of 
material due to evaporation thermocouple 
measurements of the cathode were made. 
These measurements indicate that, in 
general, the cathode temperature is less 
than 250 C and invariably less than 375 C. 
These temperatures are so low as to make 
the theory of loss of material by evapora- 
tion untenable. For example, the cath- 
ode temperature at a current of 35 
milliamperes was found to be 210 C and 
the average life 100 hours. Rudberg and 
Lumpert® have measured the vapor pres- 
sure of barium at low temperatures and 
give a formula by means of which their 
data may be extrapolated. From this 
knowledge of the vapor pressure of bar- 
ium at 210 C and the total amount of 
barium present on the cathode the life 
may be calculated and it is found to be 
45,000 hours compared to the 100 hours 
actually observed. 

Microchemical examination of the 
tubes indicates that new tubes have 
considerable metallic barium on the sur- 
face of the cathode together with a much 
larger amount of barium in combination. 
Similar tests on tubes which have reached 
the end of their life indicate less metallic 
barium on the cathode and almost no 
barium in combination on the electrodes 
but the total barium which was present 
when the tube was made is to be found on 
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other parts of the tube, notably the walls. 

These facts lead to the conclusion that 
as the tube is operated barium is con- 
tinually lost from the cathode surface by 
sputtering and is continually replaced 
from the reservoir of barium oxide pro- 
vided in the cathode coating. When this 
reservoir is exhausted the tube reaches 
the end of its life. 


Theory of Cathode Sputtering 


Most of the literature on cathode 
sputtering relates to a discharge at rela- 
tively low pressures and with high voltage 
drops across the tube. The only compre- 
hensive survey of sputtering in low volt- 
age tubes is to be found in a paper by C. 
H. Townes.* A review of the conclusions 
reached by Townes is given below. 

Townes divides the rate of sputtering 
into three factors: (1) the number of 
ions of a given energy striking the cath- 
ode, (2) the amount of material re- 
leased by each ion, and (3) the fraction of 
material released from the cathode which 
diffuses away and ultimately reaches 
other surfaces in the tube. 

There is good evidence that sputtering 
is due to ionic bombardment of the cath- 
ode and that the material sputtered 
leaves the cathode in all directions and in 
an uncharged atomic stage. In the low 
voltage cold cathode tube the cathode 
dark space, across which appears the 
cathode fall of potential has a thickness of 
several electron mean free paths. The 
mean free path for a positive ion being 
smaller than that for an electron, it is 
evident that very few, if any, positive ions 
reach the cathode with an energy corre- 
sponding to that of the cathode fall. The 
average energy of positive ions impinging 
on the cathode is found to be a little less 
than one electron volt. Not only the 
average energy is necessary but also the 
probability that an ion has any of the 
various possible energies. Appreciable 
variations in the total energy come prin- 
cipally from the variation in the energy 
acquired at the last free path of the ion. 
This follows from the fact that collisions 
between ions and gas atoms are collisions 
between particles of substantially equal 
mass so that on the average, an ion will 
lose half of its energy at each collision. 
On the average, therefore, the energy ac- 
quired by an ion in its last free path is 
double that which it had at the beginning 
of this last free path. The final expres- 
sion for the distribution in energy of the 
positive ions striking the cathode is an 
exponential expression of the same form 
as that describing the distribution of 
molecular free paths in a gas. This is to 
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be expected since, as pointed out above, 
the principal variation in the energy 
comes from that acquired in the last free 
path, or in other words depends upon the 
length of the last free path. 

Of the mechanisms suggested for the 
release of material from the cathode 
under positive ion bombardment the one 
most successful in explaining the experi- 
mental results is the theory of local heat- 
ing and resultant evaporation of von 
Hippel. According to this theory the 
positive ion delivers its kinetic energy to a 
small number of atoms on the surface 
which are temporarily given large random 
velocities and evaporate from the surface 
just as they would evaporate if the entire 
cathode were heated so that they had the 
same thermal energy. The local hot spot 
of course, cools very rapidly by sharing 
its energy with the surrounding atoms. 
Townes has developed an expression for 
the number of atoms removed from the 
cathode by each ion impinging with a 
given energy. For a cathode material 
such that an atom must have an energy of 
four electron volts to escape from the 
surface his expression leads to the fol- 
lowing: 


Atoms Removed Per Energy of 
Ion Striking Cathode Impinging Ions 
2 OSS, teen cusuestsstenuatarstenecy 4 ev 
OUND a Nomretes! ha Norerersts arene. < 6 e.v 
Dime Sere oRes siren ret onal s eos 8 e.v 


This demonstrates the rapid variation in 
the number of atoms removed per im- 
pinging ion as the energy of the impinging 
ions is increased. The expression for the 
total number of atoms released from the 
cathode considering the distribution in 
energy of the positive ions reaching it is 
complicated and will not be given here. 
Since the mean free path of the sput- 
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Figure 1. Life of the Western Electric 313C 
cold-cathode tube as a function of current 
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tered particles is much smaller than the 
distance between the cathode and sur- 
rounding surfaces a large fraction of the 
atoms which leave the cathode will diffuse 
back to the cathode surface so that they 
do not represent a net loss of cathode ma- 
terial. Townes shows that for a fixed 
rate of evaporation of atoms at the 
cathode the actual rate of loss of material 
from the cathode is inversely proportional 
to the gas pressure and depends as well on 
the distance to the nearest surfaces where 
deposition may take place. A large 
number of the evaporated atoms return 
to the cathode surface. The exact num- 
ber lost will, of course, depend upon the 
tube geometry. 

The complete expression for the sput- 
tering rate is given by Townes as: 


7 TG)" ] 


I=AF ~e (1) 
; b 


where 


I is equal to the mass per second of sput- 
tered material 
p is the gas pressure in millimeters of mer- 
cury 
V is the cathode fall in volts 
zis the current density in amperes per 
square centimeter 
Vo is the energy in electron volts required to 
remove one atom from the cathode sur- 
face 
cis a constant characteristic of the gas. 
For argon c=20, for neon c=33 
J is equal to the total current 
F is a function determined by the geometry 
of cathode and collecting surface. For 
plain parallel surfaces F=1/d where d is 
the distance between the surfaces 
A is another constant evaluated in terms of 
the properties of the cathode material in 
the gas 


The constants in this equation may be 
approximately evaluated on theoretical 
grounds or they may be determined by 
experiment. 


Experimental Results 


A series of tubes have been operated at 
various currents to determine experi- 
mentally the relationship between current 
drawn and life. The cathodes of these 
tubes are coated to a nominal thickness of 
one-half milligram per square centimeter. 
This is an extremely thin coating and it is 
difficult to reproduce such coatings ex- 
actly from tube to tube. Considerable 
scattering in the test results must be ex- 
pected therefore. The points on the 
curve of figure 1 each represent the aver- 
age life of three tubes operated under the 
current conditions noted. The curve 
represents equation 1 with the constants 
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so selected that it represents the best fit - 
for the data. The agreement between 
the curve and the experimental data is 
seen to be quite satisfactory considering 
the scattering that must be expected in 
experiments of this type and suggests that 
the assumption at the outset that the life 
of the tubes was determined by the loss of 
cathode material due to sputtering is 
correct. This being so it seems reason- 
able to rate the tubes in such a manner as 


to reflect this fact. 


The data presented in figure 1 relate to 
a Western Electric 313C vacuum tube 
and form the basis for the current ratings 
for this tube. The ratings employed are 
those currents which will give a life of 100, 
1,000, and 10,000 hours. Because of the 
large scattering due to variations in coat- 
ing thickness and gas pressure in indi- 
vidual tubes it is not expected that the 
life of a single tube can be predicted with 
an accuracy better than +50%. In 
dealing with large numbers of tubes, how- 
ever, the average life is predicted with a 
considerably better accuracy. It is prac- 
tical, for instance, to use this curve in 
calculating the number of tube replace- 
ments required for a circuit which oper- 
ates under given conditions. 


Application of Current Ratings 


Since the life of a cold cathode tube of 
given manufacture depends solely upon 
the current drawn a knowledge of the 
relationship between life and current 
drain is of vital importance to the circuit 
designer. In the use of cold cathode 
tubes it often happens that the duty cycle 
is so light that the life of the tube may be 
many times the life of the equipment in 
which it is used even though the tube, if 
operated continuously, might last but a 
few hours. If the circuit designer is 
furnished with the relationship between 
life and current drain and knows the duty 
cycle imposed on the tube he is in a posi- 
tion to determine the average life he may 
expect from the tube. With this knowl- 
edge it is often possible to apply small, in- 
expensive cold cathode tubes to circuits 
requiring considerable amounts of current 
for brief and infrequent intervals rather 
than to resort to larger tubes requiring 
hot cathodes and capable of supplying the 
current continuously. Likewise, it makes 
it possible for the designer to reach a 
reasonable compromise in decreasing the 
cost of associated equipment at the ex- 
pense of increasing the current drain 
through the tube and therefore shortening 
the tube life. 

If the current wave form through the 
tube is irregular the life may still be pre- 
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™PHE purpose of this paper is to report 
Bon work undertaken in response to a 
request, made to the Institute, to deter- 
mine the minimum dielectric strength of 
oil for high potential testing of oil circuit 
breakers. 

Many tests were made with 60-cycle 
and impulse voltages. The tests were 
made with a rod to plane gap, cone to disc 
gap, and on oil circuit breakers of com- 
mercial types and sizes. The results of 
these tests have been collected, analyzed, 
and are included in tabular form in the 
paper. 

The impulse strength of oil circuit 
breakers was found to be practically un- 
affected by the 60-cycle breakdown 
strength of the oil within the range of 16 
to 30 kv, as measured in a standard test 
cup. 

The 60-cycle dielectric strength of oil 


Paper 41-134, recommended by the AIEE com- 
mittee on protective devices, and presented at the 
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1941; made available for preprinting May 14, 
1941. 
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circuit breakers is shown not to be 
changed in direct proportion to the dif- 
ferences in the dielectric strength of oil as 
measured in a test cup with 60-cycle volt- 
age. 

The effect of low dielectric strength oil 
on voltage breakdown is discussed and 
conclusions are drawn which show that it 
is desirable to test all oil circuit breakers 
with oil having dielectric strength of 22 
kv or higher. 


General 


The general picture of oil breakdown for 
some years has involved the lining up of 
impurities over a period of time ranging 
from a small fraction of a second to several 
minutes, with breakdown taking place 
over the path so formed. From this 
standpoint it is to be anticipated that long 


Table |. Rod-to-Plane Gap Impulse Tests 
(See Figure 1) 
Lowest 
Highest Voltage 
Gap Voltage at Which 
Spac- Held Without Breakdown 
ing Breakdown Occurred 
(Inches) Oil (Ky) (Ky) 
l ee Soe We Wihasnie cies TFBn eee tus ciao 168 
: Fa 101 Fs eeu gs ROD; Gegcns vices | 166 
PesetAiehs > WeW.... siass DAA) teeta ich anette 186 
Dagens. ¥ x CONES. ete = AO Bia ees sated hte .« 190 


The tests were made with a 1!/2-40 m.s. positive 
wave. 


gaps will be relatively less affected by the 
impurities in the oil than short gaps, and 
that breakdowns under impulse condi- 
tions, where time is not available for lining 
up of impurities would be less affected by 
impurities than breakdowns under a one 
minute test at operating frequency. This 
is supported by the fact that the impulse 
ratio of oil, as obtained by comparing 
Sorensen’s'! data on impulse tests with 
Miner’s? data at 60 cycles is considerably 
greater than the impulse ratio for break- 
downs over an air path. Hence, it would 
be expected that any equipment which 
will flash over in an air path in preference 
to an oil path at 60 cycles will have a good 
margin of safety for the oil under impulse 
conditions, and it is also to be expected 
that the dielectric strength of a completed 
assembly such as an oil circuit breaker 
would be much less affected by the pres- 
ence of impurities, in the oil, particularly 
under impulse conditions, than would be 
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TQ SURGE GENERATOR 
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| 
2 DIA.BRASS ROD, END SQUARE CUT 
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Rod-to-plane gap used in making 
tests shown in table | 


Figure 1. 


dicted by dividing the current wave into 
elements small enough so that the current 
in each element may be considered con- 
stant. Each of these currents may then 
be considered as lasting for a certain frac- 
tion of the cycle. For each of the current 
values obtained there is a life in hours 
which may be determined from figure 1. 
One then has a series of currents 1, 12, ..- - 


i, each lasting for a fraction fi, fo, « - > «bn 
of the entire cycle and a tube life corre- 
sponding to these currents rasta heey Seeded a 


The fraction of life used up at each current 
per hour is, then ¢//. The total fraction 
of life used up per hour is 
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and the socket life of the tube is 


socket life= 


Wome fr 
ess. 


Conclusions 


For tubes manufactured in any given 
manner the life will be determined solely 
by the current drawn. In view of the 
fact that the tubes do not deteriorate 
when they are not passing current it seems 
reasonable to operate them at very large 
currents if the duty cycle is sufficiently 
light. It is suggested, therefore, that the 
most useful type of rating for cold cathode 
tubes would be to state the current which 
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will give a life of 100, 1,000, and 10,000 
hours. 
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Figure 2. Cone-disc gap used in making tests 
shown in table II 


expected from values on oil dielectric 
strength obtained at 60 cycles in a stand- 
ard test cup. 

To verify this line of reasoning, impulse 
tests were made on sample gaps with good 
oil and oil deteriorated by the addition of 
carbon and moisture, 60-cycle tests were 
made under similar conditions on a gap 
much larger than that of the normal test 
cup, and finally tests were made on com- 
pleted breakers of commercial design. As 
will be observed from the data set forth 
in the tables throughout the paper, these 
tests indicated in all cases less divergence 
of dielectric strength than shown in the 
standard test cup, and in the case of tests 
on the completed breakers negligible di- 
vergence. 


Equipment Used 


The data used by the authors in pre- 
paring this paper were obtained from tests 
made in the high voltage test laboratories 
of Westinghouse E.&M. Co. at East 
Pittsburgh, Pa., and General Electric 
Company at Schenectady, N. Y., and 
Philadelphia, Pa. 

The oil circuit breakers on which the 
tests were made were complete com- 
mercial designs, sizes, and ratings. 

The rod to plane gap was a special gap 
made by the laboratory and is shown in 
figure 1. When used for testing, the gap 
was immersed in a tank of oil. 

The cone to disc gap on which tests 
were made is shown in figure 2. 

The wet oil used in making the tests 
with the cone to disc gap was obtained by 
forming a saturated solution of water and 
oil at 80°C. and mixing in measured pro- 
portions with oil dried by bubbling dry 
air through it. The maximum water con- 
tent was about 250 parts per million. 
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Figure 4. Connections for testing complete 

circuit breakers 1-10 inclusive, table IV 

A. Test on oil across open breaker and to 
tank 

B. Test on all bushings to ground 

C. Test phase to phase and to ground 


Figure 3. Large gap construction used in 
making tests in table III 


The used or carbonized oil was obtained 
from the dirty oil tanks in the laboratory 
and had previously been used for making 
oil circuit breaker tests until its dielec- 
tric strength had fallen to the point where 
it was considered necessary to recondition 
it before further use. In some cases the 
oil, having been taken from near the bot- 
tom of the tank, contained more than the 
usual amount of foreign material. When 
let stand without agitation for a short 
time, these materials tended to settle at 
the bottom of the tank. This accounts 
for the fact that in some cases the test 
value of the oil measured in a standard 
test cup with 60-cycle voltage varied from 
4 to approximately 15 kv. 

For the purpose of obtaining data on 
the dielectric strength of large gaps, using 


deteriorated oil, a 24-inch circuit breaker 
tank was filled with oil and a crosshead 
of corresponding size was supported in the 
tank in a position corresponding with 
that which it takes when the breaker is 
closed. An electrical connection was 
made to this crosshead through a high 
voltage bushing, and the tank itself was 
used as a ground terminal. See figure 3. 


Impulse Tests on Rod-to-Plane Gap 


Impulse tests were made on a rod to 
plane gap shown on figure 1. Tests were 
first made with new oil and then repeated 
with used oil. The new oil tested about 
30 kv in a standard oil test cup. The 


Table II. Cone-to-Disk Gap Impulse Tests (See Figure 2) 
Ratio of Dielectric Strength Values 
60 Cycles 
aa ae pe a cat 0.5 M.s. 1.5 M.s. 8 M.s. 
Cone 

Std. Disk Cone Cone Cone Cone Cone Cone 

Gap Gap Pos. Neg. Pos. Neg. Pos. Neg. 
Good oil Boo. Seats tarda LOO) revateys MELO ic ais. BOD ese LOO terest U005.60.% 100:5,.ee L200 eae 1.00 
Carbonized OUR Na eyereOGAAS rs Oc 48aran rent 0.83). .% OBO eo cerere On Zire (ORY dsieteen Ghee WMOS 42055 0.62 
Wet oil Sonoisseiieisictelere « O26 suc O; AOR. cer OSS9.. or cre ONS ss. ee LOE tS 5 ieee OnS0ee cae. OI865ee 0.70 

Table Ill. Low-Frequency Tests on Large Gaps (See Figure 3) 


60-Cycle Test With a Large Ga 
Oil Dielectric Standard : Z 


Test Cup Strength Voltage Breakdown 
; Held Quietly Noisy Voltage Ratio* 
Ky Ratio (Ky) (Ky) (Kv) Max. Quiet 
Good) oil nai.eten emia G18 Gio das off o Cbicrcop COTE He TSO. eerie LSD cvrterree 150 
Carbonized OILS ike etre OF ctenessuetatene On SO Rrerstctercuseveleteve LLG eae ee Re eran LLG s oincreteete ss 0.89 
Wet'oil 252")... eee 14 scores Ona Witaistate nteiecs-s:6 LUD sserercenter ta odode 146i oetonerstee 0.86 


*The values in this column are the ratios of the maximum voltage held quietly by the deteriorated oil, to 
the maximum voltage held quietly in good oil. i 


**No noisy region found between voltage held quietly and breakdown. 
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sed oil was taken from a breaker which 
lad undergone severe interrupting duty. 
he breakdown of the used oil was erratic, 
varying from 5 to 15 kv. 

In these tests, the gap was immersed 
n the tank filled first with new oil and 
‘then with used oil. The tests indicated 

at the impulse breakdown of the low 
Frcs oil was as high as that of the new oil. 
Tests were made with the gap set at one 
inch and at two inches with results as 
given in table I. 

The small difference in test voltage 
shown for the two gaps is possibly due to 
corona forming on the gap electrode at the 
higher voltage and reducing the voltage 
required to break down the longer gap. 


os 


Impulse Tests Made 
With a Cone-to-Disk Gap 


The tests were made with a 45° cone 
disc gap, figure 2, with a spacing of 0.025” 
using: 


(a). Good ail 
(6). Carbonized oil 
(c). Wet oil 


The tests were made with the time to 
crest at 0.5 m.s. and 8 m.s. 

From these values a figure for 1.5 ms. 
has been interpolated for use in connec- 
tion with the standard impulse wave. 
Table II shows the ratio of dielectric 
strength values between the good oil 


Tests Made With 60-Cycle 
Voltage on Large Spacings 


Tests were made to determine how the 
variation in the dielectric strength of oil 
as measured by the standard gap is re- 
flected in the dielectric strength of a larger 
assembly such as an oil circuit breaker; 
the equipment used in making these tests 
was described previously, and is shown in 
figure 3. High potential tests were made 
to determine what 60-cycle voltage could 
be held for one minute without breakdown 
or audible internal disturbance. Results 
are given in table ITT. 

It will be observed that there is a much 
lower spread in the dielectric strength of 
oil in a large gap than might be antici- 
pated from the spread in dielectric 
strength values with the standard gap. 


Impulse Tests on Complete Oil 
Circuit Breakers With New and 
Old Oil 


Impulse tests were made with a 11/.-40 
m.s. positive wave on 12 complete oil cir- 
cuit breakers to determine if the impulse 
strength of breakers would be appreciably 
lowered by carbon or water or both in the 
oil. The breakers were tested with new 
oil and then retested with old oil. 

The new oil used to test breakers 1-10 
inclusive was taken from standard pack- 
age containers and tested 30 kv in a stand- 


Table IV. Tests on Complete Common Tank Breakers 


Tests on Completed Circuit Breakers 1 to 10 Inclusive 


Lowest Flashover 


(Ky) 


Breakers Tested 


rea ker see evae cs aicicre + © sivis:* biv.0 oe 44 
“ 9 


“ 


3 
pt 49 


Highest Full Wave Withstood 
(Kv) 


Tests on Complete 
Circuit Breaker 11 


Breaker 11 was a single pole of a three 
pole breaker with each pole in a separate 
tank. The bushings in this breaker had 
a higher than usual flashover strength in 
relation to the breakdown strength of the 
oil between the contacts and the tank. 
This condition made it possible to obtain 
breakdowns through the oil in the tank. 
The tests were made with the breaker 
closed and both bushings connected to the 
surge generator. The results of the tests 
with oils of different dielectric strength 
are contained in table V. All tests were 
made with a 1!/,;-40 m.s. positive wave. 


Test on Complete 
Circuit Breaker 12 


The tests on breaker 12 were made on 
poles 1 and 2 of a three pole high voltage 
frame mounted breaker with each pole in 
a separate tank. Pole 1 was filled with 
good oil testing between 26 and 27 kv. 
Pole 2 was filled with oil taken from 
breakers in service on the shop lines. 
This oil tested slightly under 19 kv. 
For convenience in table VI these oils are 
considered to have test values of 26 kv 
and 19 kv respectively. The tests made 
on breaker 12 and shown in table VI 
show the 26-kv oil to have a slightly 
higher impulse breakdown value than the 


Table V. Tests on Complete Separate Tank 
Breaker With Oversize Bushings to Secure 
Breakdown in Oil 


All flashovers were outside of breaker. 


Each of the above values is the lowest flashover or highest full wave of 15 tests. 


taken as 1.00 and the carbonized and wet 
oils respectively. Each of the impulse 
values in table II was determined by mak- 
ing approximately 100 tests. 

It will be observed that the presence of 
carbon or water in the oil does not affect 
the ratio under impulse conditions to the 
same extent as under steady state voltage 
conditions. 
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three pole breakers with all three poles in 
a common tank. The results of the tests 
on these breakers are given in table IV 
which follows immediately. 
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Oil 34.5 
Kv at 
Old Oil New Oil Old Oil Top and Oil at 
Testing Testing Testing Oil at 16 Kv at Oil at 15-17 
4-16 Ky 30 Kv 4-16 Ky 30 Kv Bottom 23 Kv Ky 
ye ee cin ir ZNSE oe eign” 85 OEE 44.5 Breaker 11 250 kv B. 226kv. 217kv 294 
AR i See: FIER M eco y 40.5 249 B ae 
Bisbee eee Doe eee shit. 52.7 246 B 
52.1 BiB Rae tT ces 54 238 B 
stay Be OPE een OL aR COE 78 237 B 
Ak eee 84 230 B 
be hens 108.5 235 B 
ee aaah 97.2 232.B 
RAPS ie 122 223 B 
_ Shae eee 127 226 B 
tA AO 121 DDD a spo 
St ee 101 POY sn coat 
ee a ee 148 200 eee 
227 
226 B 
2-223 B 
225 B 
PET NTA. An ee acerca 
B26 Mercator 
ard test cup. The used oil with which eh 
these breakers were tested was taken from 221B 
the dirty oil tanks in the high power labo- a7 , 
ratory and tested from 4 to 16 kv. 226 B 
Breakers 1-10 inclusive were small Aptis 228 ke ae 


B=Broke down through oil to tank. 
F=Flashover bushing outside of breaker. 


The numeral 2 appearing at the left of a test indi- 
cates that two tests were made. 
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Table VI. Tests on Complete Separate Tank Breaker With Various Striking Distances in Oil 


es 


Striking Distance Through 
Oil Reduced to 35 Per Cent 
of Full Amount 


Full Striking 
Distance Through Oil 


Striking Distance Through 
Oil Reduced to 19 Per Cent 
of Full Amount 


Oil at Oil at Oil at Oil at Oil at Oil at 
26 Kv 19 Kv 26 Kv 19 Kv 26 Kv 19 Kv 
Breakerul2,. seis SUEY Hs o.oo no 3-061 seenterae as $-258..060..2-208 
BER} Gedon CSIP napa St28b eeccer: 2-285 
BBD) goon 8.480 prem A B:8198saeeee 2-312 
2-473F ELON Di. wea cate 3-388 ).cite eer 3-338 
RED a sccue ABD Ree es: B37 2 Maas 3-372 
PAW eas 452 von Wess ee BSLV ci ciane 2-405 
ABOF. «0.5 ZIG as chet, crc AdGitarcet 405 
NAO a teat AASS HM eer DPAAG Penne 446F 
4169 Fees ASDF A Be Metres oh cael eet wiala om eels 
ApoE eerie ADD eee eMC Gt Istriane tereielerev aceite 
3-452). . 
ABD FMP tee am Toncog eeerets cele sta e ote Seely 
ABD MRRP M ae Tene cite artiste ielttejoieisintere 
MATS FN aay, AED oo SLR anteare OG cbse niees 
TAT Wo dinee nC Lac ces he AI OOD 


The numerals 2, 4, 3, 5, appearing at the left of a number indicate the number of tests made at that par- 


ticular voltage. 


19-kv oil. This is contrary to the results 
obtained on breakers 1 to 11 inclusive and 
is probably due to the difference resulting 
from the two oils being tested in different 
tanks and on different poles of the breaker. 
All tests were made with the breaker open, 
one stud impulsed, frame and all other 
studs grounded. Approximately 15 sec- 
onds elapsed between tests. Both poles 
were tested and the results given in col- 
umns 1 and 2 of table VI. In these tests 
neither oil could be broken down. All 
flashovers—marked /F—occurred in air 
over the outside end of the bushing. The 
poles under test were then changed by 
inserting 2”x!/4” copper bar between the 
contacts and the tank cover to reduce the 
breakdown distance through the oil to the 
tank to 35% of the original distance. The 
tests in columns 3 and 4 were made and 
again the flashovers occurred through the 
air over the outer end of the bushing. 
The breakdown distance through the 
oils was further reduced until it was only 
19% of the original distance. Tests shown 
in columns 5 and 6 of table VI were then 
made. Breakdowns were obtained on 
pole 1 in good oil at a minimum of 245 
kv. In pole 2 breakdowns were obtained 
through the 19-kv test oil at a minimum 
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of 231 kv as indicated by the letter—B. 
All tests were made with a 11/.-40 m.s. 
positive wave. 


Discussion of Test Results and 
Conclusions 


The test data indicate that the presence 
in the oil of moisture, carbon, and other 
materials, normally tending to lower the 
60-cycle dielectric strength of oil, appears 
not to change appreciably the ability of 
oil circuit breakers to withstand impulse 
voltages. 

Table I shows that the impulse strength 
of large gaps in oil is practically constant 
for oils of different dielectric strength, 
within the range regularly used. 

Table II shows that the impulse 
strength of small gaps in oil varies, but 
not directly, with the 60-cycle strength of 
the oil. 

Table III shows that the 60-cycle break- 
down strength of the breaker is reduced 
when the dielectric strength of the oil is 
lowered, but much less than in proportion 
to the loss of strength in the oils as 
measured in a standard oil test cup. 

Table IV shows that the impulse 
strength of ten small oil circuit breakers 
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of different types and ratings was not 
lowered when they were tested with poor — 
oil. 

Data in table V, from tests made on a 
medium size outdoor breaker, show that 
the impulse strength of an oil circuit 
breaker might in some cases be better 
with poor oil than with good oil. 

Data in table VI, from tests made on a 
large outdoor oil circuit breaker, show the 
impulse strength of large breakers to be 
practically unaffected by the 60-cycle 
strength of the oil within the range regu- 
larly used. 

Oil for circuit breakers and transform- — 
ers‘ is purchased with a minimum break- 
down value of 22,000 volts. Since oil of 
this or higher strength is most easily ob- 
tained, the authors recommend that the 
oil used for high potential testing of oil 
circuit breaker, both 60 cycle and im- 
pulse, should have a dielectric breakdown 
strength of 22 kv or higher, the break- 
down strength to be determined as pre- 
scribed by the American Society for Test- 
ing Materials. % 

It is to be noted that apart from any 
reduction in dielectric strength resulting 
directly from the use of deteriorated oil as 
an insulating medium, there is a tendency 
for carbon particles to settle out from the 
oil upon insulating surfaces. This may in 
time decrease the creepage strength of 
these surfaces much more than the break- 
down strength through the insulating 
medium is decreased, and constitutes the 
greatest danger from allowing poor oil to 
remain in the breaker. Consequently, 
the test results reported in this paper are 
not to be interpreted as suggesting any 
relaxation of maintenance activities in 
this respect. 
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Conductor Vibration— Theory of 


Torsional Dampers 


JAMES W. SPEIGHT 
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Synopsis: The paper is a theoretical treat- 
ment of the torsional damper which has 
been applied effectively to the protection of 
transmission line conductors from fatigue 
failures due to aeolian vibrations. The 
formulae of the energy dissipation are de- 
rived for three cases, viz., a single rigid 
damper, two rigid dampers at one end of a 
span, and a single damper with a resilient 
joint at the centre of gravity. The results 
are valuable in understanding the mode of 
operation of the torsional damper and point 
to certain optimum features of design. The 
formulae can be used for numerical calcula- 
tions when the physical constants are 
known. 


Introduction 


OR many years, electric power com- 

panies have been investigating the 
protection of transmission line conductors 
from fatigue failures that result from the 
vibrations excited by steady cross winds 
of low velocity. The methods of protec- 
tion that have been proposed are very 
diversified in character, including the pre- 
vention of the vibration at its source with 
conductors of non-circular cross section, 
the reduction of concentrated stresses at 
the clamp by the use of reinforcing cables 
or rods, and the suppression of the vibra- 
tions by the application of damping de- 
vices. An energy-absorbing damper has 
proven to be the most practical solution 
up to the present time, and has been 
adopted for a number of lines in North 
America. An estimate of the efficiency 


Paper 41-94, recommended by the AIEE committee 
on power transmission and distribution, and pre- 
sented at the AIEE summer convention, Toronto, 
Ontario, Can., June 16-20, 1941. Manuscript 
submitted January 29, 1941; made available for 
preprinting May 14, 1941. 

James W. SPEIGHT is assistant research engineer 
(physicist) in the laboratories of the Hydro-Electric 
Power Commission of Ontario, Toronto, Ontario, 
Can. 

{. For all numbered references, see list at end of 
paper. 


OCTOBER 1941, VoL. 60 


of such devices has been determined, in a 
few instances, by experimental field 
studies and, more frequently, by operat- 
ing experience. 

The Hydro-Electric Power Commis- 
sion of Ontario with power lines of all 
sizes throughout the province has, of 
course, been vitally interested in the 
problem of aeolian conductor vibrations. 
The need for an effective solution has been 
most important in recent years since, in 
modern construction using long spans and 
high tensions, the conductor is subject to 
more severe conditions of vibration than 
in the older construction with short spans 
and low tensions. To study the effective- 
ness of various protective schemes, a 
method was devised for recording the 
natural vibrations of damped and un- 
damped lines and for analyzing the re- 
sults statistically. Such experimental 
data on the frequency characteristics of 
a type of conductor are essential for the 
proper design of a protective device for 
that particular type. 

In the year 1935, the theoretical and 
practical studies indicated that the con- 
ductor itself was available to absorb 
energy, if a suitable restraining force 
could be applied to the conductor to 
utilize the interstrand friction and the 
mechanical hysteresis loss. This force was 
accomplished with an offset weight at- 
tached to the conductor by a horizontal 
arm, so that a torsional motion was pro- 
duced between the suspension clamp and 
point of attachment of the weight when 
the conductor vibrated. Additional 
damping was obtained by mounting the 
offset weights in pairs adjacent to and 
at different distances from the suspension 
clamp, when, for most frequencies of 
vibration, the section of conductor be- 
tween the two offset weights was also in 
torsional motion. The torsional device 
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which has become known as a torsional 
damper has been developed considerably 
in the last five years and is now practical. 

Torsional dampers have been installed 
for the suppression of aeolian vibrations 
on the latest ACSR lines built by the 
Hydro-Electric Power Commission of 
Ontario, A torsional damper designed 
for 795,000 cir-mil ACSR is shown in 
figure 1 and is constructed with a resilient 
joint of rubber. In California, a rigid 
type of torsional damper has been adopted 
for the protection of H-H copper conduc- 
tor on the exposed sections of the Boulder 
Dam transmission line. 


Theory 


The theoretical development of the 
torsional damper was studied along with 
the experimental work, and it is the pur- 
pose here to derive the theoretical for- 
mulae. The formulae were of great as- 
sistance in bringing the torsional damper 
to its present form and are valuable in 
designing dampers for specific conductors 
and predicting the approximate perfor- 
mance. The analysis of the torsional 
damper is limited here to the condition of 
steady state vibration, and does not in- 
clude other possible beneficial effects 
which might exist under initial transient 
conditions. The reaction of the damper 
on the motion of the conductor is not 
taken into account either, since, for the 
suppression of vibration, the energy dis- 
sipative capacity of the damper is of 
prime importance and is affected only 
by the amplitude of the motion at the 
point of attachment, all the other factors 
being constant. The application of the 
formulae to actual numerical cases is 
direct, provided that the requisite physical 
constants are available. 

The mode of vibration at a given point 
of a line conductor in service usually has 
a beat characteristic and not a constant 
maximum amplitude. However, the 
generality of the analysis is not affected, 
if it is considered that the conductor 
vibrates like a perfectly flexible string 
under tension! having the motion 


y= Apo sin (27x/d) sin wt 
=A sin wt (1) 
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where 


Ap is the maximum amplitude 
X is the wave length 

w is the angular velocity 2rf 
fis the frequency 


The differential equation for free tor- 
sional motion is 


T6+q6+70=0 (2) 


where J is the moment of inertia and 7 is 
the angular elastic constant. 
With 


a=@/2I and w2=7/I 
the solution is 
6 =B,-™ sin (wt+¢) 


in which B and ¢ are constants and w?= 
w”2—a?. If aw, 


wrzwe=r/] 


Therefore, the quantity g which will 
be defined as the “torsional resistance”’ 
is given by 


q=6r/Tw (3) 


because a=df where 6 is the logarithmic 
decrement.’ 

For a rod of circular cross section, the 
angular elastic constant is inversely pro- 
portional to the length of the rod.” 
Hence, it is evident from relation 3 that 
the torsional resistance of a conductor is 
increased by decreasing the length of the 
effective part of the conductor. 


Single Rigid Damper 


The position of a single rigid damper 
at any moment can be represented as in 
figure 2. The notation is 


M=mass of damper 
I= MK?/g=moment of inertia about the 
axis of the conductor 
Ig=Mk*/g=moment of inertia about the 
centre of gravity 
J=distance from the centre of conductor 
to centre of gravity 
@=angular displacement from the hori- 
zontal 
y=A sin wt=displacement of the point of 
support 
h=distance of centre of gravity from posi- 
tion of equilibrium 


K2=k?4+12 


The velocity of the centre of gravity 
for small oscillations is (y—J#). Con- 
sidering the transverse energy of the con- 
ductor to be independent of 6, the kinetic 
energy of the damper is 


S= My —16)?/2¢+I 6?/2 


The potential energy associated with 
the torsional motion is 


+(0-+6)2/2 — 7002/2 = 162/2+ M16 (4) 
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since is the static rotation aid M/ =TO. 


The increase in the gravitational potential 
energy of the mass is 


Mh~= M(y—16) (5) 


Therefore, the potential energy function 
is, adding 4 and 5, 


V=16?/2+ My 


The Lagrangian function is L=S—V 
and, from Lagrange’s equation‘ 


eee eet (6 
dt\|_0@ 00 
it follows that, adding the dissipative 


term, 


§+206+w20=ly /K? (7) 


Figure 1. Torsional damper for 795,000-cir- 
cular-mil steel-reinforced aluminum cable 


The steady state solution of differential 
equation 7 is 


6= —— sin (wt— fp) (8) 


with 

22 = (we?—w)? +40? 
and 

B= tan™! [2aw/(w,*—w?)| 


The power dissipation is 


ib ree 
P=— j q62dt 
TY) 
= gl*A%8/2K4Z2 (0) 


The graph of the frequency function 
f*/(w?( fee —f?)?+ o?f?] contained in equa- 
tion 9 for constant amplitude is plotted 
in figure 3 with f,=5 eps. and a=4. 
Actually, most materials dissipate energy 
by solid damping? and then 6, not a, 
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is constant with respect to frequency. — 
From the curve, it is seen that to sup-_ 
press a range of frequencies the damper 
has to operate on the region above Sea 1 O23 


we <w (10) 


In determining the damper spacing, 
the amplitude A which is a function of the 
frequency is considered in conjunction 
with the other factors. As a numerical 
example, let the velocity of propagation 
(Af) be 400 ft./sec. and the damper be 5 
feet from the clamp. For a frequency 
range 5 to 20 cps., 


1= sin (2rx/d) >0.38 


and the power loss at 20 cps. due to this 


Figure 2. Schematic diagram of a single rigid 
damper in motion 


factor is about seven times that at 5 eps. 
The magnitude of the divergence is re- 
duced greatly, in practice, because the 
power loss associated with the transverse 
vibrations of a conductor excited by the 
wind increases rapidly with frequency 
and, consequently, the amplitude A» be- 
comes smaller.» Thus, the spacing of 5 
feet gives a satisfactory response to the 
frequency variations under these condi- 
tions. 

If the condition w<w is maintained, 
the optimum value of / is given by 


d (1? K4)=0 
Tk en 


l=k (11) 
Then, the maximum power is 
y (4 x= gA 26 /8]2Z2 


from which it is deduced that the optimum 
optimum magnitude of / is the smallest 
value consistent with conditions 10 and 
11 

For a damper with a heavy, concen- 
trated mass and a long arm, K—l; 
Seercity YEO enna! 


6=(A/l) sin wt 


1.e., the centre of gravity remains station- 
aryinspace. This effect is observed in the 
field for the stated conditions. The power 


ELECTRICAL ENGINEERING 


4 One End of Span 


horizontal plane. 
points of attachment are 


M=A, sin wt 


e= Az sin wi 


Function vf%/ [n2(fe-f2)? +02 F «| 


15 
FREQUENCY 


Figure 3. Graph of function for f. = 
per second and a=4 


The kinetic energy of the system is 


S = (M/2g) [(y, —161)? + (y2— 162) + 


Tg(6:2+6:")/2 (12) 


Disregarding the gravitational po- 
tential energy function which does not 
contribute to the motion, the potential 
energy is 

V =710,2/2+-72(61+62)?/2+ 7362?/2 (13) 


If the mutual torsional resistance is 
-designated by qs, the differential equations 
of motion with the dissipative terms are 


By +2016; +0101 + 2e362 +002 =ly,/K? 

6+ Qevbo + 0282+ 2.036; +001 =Ly,/K? 

with 

wP=(m+r)/I and m=q/21 

wo? = (re +73) /I 
=12/I 


2 = g2/2I 

a3 = 3/2I 

Making the substitutions 

Mye® = Ai (ws? — w®) — Ao? + 2jw(a2d1— a3A2) 


Noei¥ = Ao(w12—w?) — A,0?+2jw(a1A2— a3A}) 
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In figure 4, the arrangement of two 
dampers having the same physical di- 
mensions is shown schematically for the 
The notation of the 
previous section is adopted with the sub- 
‘scripts 1 and 2 referring respectively to 
dampers 1 and 2. The quantities 7, 72 
and 73 represent the angular elastic con- 
stants for the three sections of the con- 
ductor between the clamps and the two 
dampers. The displacements at the 


5 cycles 


Det = (cor? — w?) (co? — w?) — 04+ 4argtw” — 
4x argu? + Qj [ ae; (coo? — w?) + a2(w1? — w?) — 
2a;0?] 


it follows that 


lw*®N, . 
= — aD sin (wt+ B—€) 


lw? No 
O.= — Ep sin (wt+y—) 


The power dissipated by the two 
dampers is 


1 T 
iis rat (q+ @s62) 61 + (4262 +-qs61) 6») dt 


Bot 


“OK ip? (nV? +293N,N»2 cos (B— q) = 


Q2N2?] (14) 


It is interesting to observe that the 
second term may increase or decrease 
the energy loss depending on whether 
N, and N; have the same phase or op- 
posite. 

If the moment of inertia is large and 
the arm is relatively long, the following 
approximations hold 


N\A 1@” 

N. 2A ow? 
D—o' 
Kl 
By 


0 


(15) 


Therefore, from equation 14, 


2 

P=-, (q1A1?+ 293A 1A2+ QA.) (16) 
From relation 13 and the fact that the 
logarithmic decrement is equal to the 
energy loss per cycle divided by twice the 
maximum potential energy,* the power 
dissipation for conditions 15 may also be 
written 


6 P 
om it [(r1 +72) A1?+272A1A2+ (T2+-73)A2?] 
(17) 


The corresponding coefficients in ex- 
pressions 16 and 17 are identical, so that 
the torsional resistances are 


a= 8(71+72) /7rw 
Q2= 5(t2+73)/4w 


qs— 672 ‘ru 


Single Damper With Resilient 
Joint at Center of Gravity 


The inherent damping in some con- 
ductors is not sufficient in itself to sup- 
press the vibrations adequately, even with 
two rigid dampers. Supplementary 
damping is introduced then by making a 
resilient joint near the centre of gravity 


Speight—Conductor Vibration 


’ rubber. 


with a material of high damping such as 
To facilitate the analysis, the 
damper is assumed to have the joint at 
the centre of gravity as in figure 5. In 
practice, the dampers are installed at 
both ends of the span and the power dis- 


sipation per span is twice the derived 
formula, 


The notation will be the same as before 
with the subscript r designating the 
physical constants of the resilient ma- 
terial. The kinetic energy at any moment 


is 
S= Mk*p2/2g¢-+ M(y —16)2/2¢ 
The potential energy is 

= 10?/2-+7,(b—6)2/2 

The damping force of the resilient joint 
is proportional to the relative angular 
velocity (@—6). Hence, the differential 


equations of motion including the dis- 
sipative terms become 


}+2a,( — 6) +w,2(@—8) =0 (18) 


5+ 2ayb—2ay = (6+ 
(avon @-9)= 5/1) 
where 

ay=qeg/2MI* 

a, =9r2/2Mk? 
wy?=7g/ MP? 

=7,g/Mk? 

But 
y=A sin wt 


Therefore, making the substitutions 


Aw? 
Qrett= =~ (07? wa? + Bjarne) 


A py 
Que!” = a (co? + 2ja0) 


Aed = (w,?—w?) (wy? — w?) — w%w,2h?/L2 — 
4a ya,w?+2jw[ay(w;?—w?) +a;(wy?— 
w* — wk? /]?)] 


it follows that 


= _& sin (wt+p—¢) 
A 
(19) 
Qs 


= —— sin (wi+v—$) 
A 
The undamped natural frequencies of 
the damper are obtained by equating 4, 
with the a-terms eliminated, to zero, i.e., 


POPP the thee) tft = 


The damper is designed so that the 
lower natural frequency is below the 
range of frequencies to be suppressed, as 
discussed in relation to figure 3. When 


(20) 
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the torsional resistance of the resilient 
material is greater than that of the con- 
ductor, the range of frequencies below the 
higher natural frequency of equation 20 
will not be suppressed adequately if the 
mode of vibration about the conductor 
has the lower frequency. In such a case, 
it is necessary to decrease the frequency 
f, of the mode associated with the resilient 
material. 
The rate of energy dissipation is 


ha Sea See 
=—] [96+9,(6—)*]dt 
To 


w? 
SOAS [aQ2+¢,{Q:?+0:?— 
20:02 cos (u—v)}] (21) 


The last term approaches a maximum con- 
tribution as (u—v)—7, and its minimum 
as (u—v)—0. For an undamped con- 
dition, equation 18 can be written 


(wp? — w*) ® = w,70 


It is evident that 6=—® is possible, in 
this case, only at one frequency, viz., 
f=,/2f, The relation 6=® can exist 
if f=0 or w, is very large. The first 
condition is not satisfied; the second is 
present for a large 7, and the device would 


be a rigid damper. Consequently, the 
resilient joint has a dissipative effect at 
all operating frequencies, although it 
reaches a maximum displacement only at 
a unique frequency. 

For a large mass, which is necessary 
to obtain the low undamped natural fre- 
quency, and a high conductor frequency, 
the following approximations hold: 
O-AG4)1 
Q2 & w? 

A—a* 
[earls 
par /2 
0 


With these values, equations 19 and 21 
become 

& =0 

6=(A/lL) sin wt 


w?A? 


PSS : 
op itd ) 
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Using the mathematical reasoning of 
the previous section and relation 3, it 
can be shown that 


gq =6r/Tw 


qr = 5,7, /1w 
Physical Constants 


The logarithmic decrement and angular 
elastic constant are required for numerical 
computations and can be found experi- 
mentally, in one way, from the decre- 
ment curves of free torsional. motion. 

To illustrate the magnitude of these 
quantities: For a 795,000 cir-mil ACSR, 
5=0.19 and + per foot varies from 
230 Ib.-ft./rad. at 3,000 pounds tension 
to 360 lb.-ft./rad. at 5,700 pounds ten- 
sion. For a 336,000 cir-mil ACSR, 
5=0.20 and 7 per foot is 46 lb.-ft./rad. 
at 1,200 pounds tension increasing to a 
constant value of 78 lb.-ft./rad. at ap- 
proximately 3,600 pounds tension. 


Summary 


In the theoretical treatment of the 
torsional damper, the following conclu- 


Figure 4. Schematic arrange- 
ment of two rigid dampers at 
one end of a span (horizontal 

plane) 


sions pertaining to the general design of 
dampers have been deduced: 


1. The angular elastic constant and, thus, 
the torsional resistance are inversely pro- 
portional to the length of effective conduc- 
tor. 


2. The undamped natural frequency of the 
damping system has to be below the lowest 
prevalent conductor frequency to be sup- 
pressed. 


3. The damper is placed at the point of 
highest amplitude, consistent with maintain- 
ing a low natural frequency and a high tor- 
sional resistance. The effect of amplitude 
variations over the frequency band on the 
determination of spacing is not very critical, 
because the damper has to be effective over 
such a large range of loop lengths (possibly 
5 to 50 feet). 


4. For a rigid damper, the distance from 
the centre of the conductor to the centre of 
gravity should be as short as possible and 
equal to the radius of gyration about the 
centre of gravity. The damper, applied 
singly, should be placed near the clamp and 
still satisfy conclusions 2 and 3. 
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5. With the arrangement of figure 4, the 
two rigid dampers are mounted in the same 
loop in order to take advantage of the 
mutual dissipation. The optimum spac- 
ings, which will be short for large torsional 
resistances, could be determined by calcu- 
lation for specific cases. 


6. The single damper with a resilient joint 


is required for conductors having a small 
damping capacity. This type of damper has. 
an advantage over the rigid type in that the 
damping factor of the resilient material can 
be varied, whereas that of the conductor is 
fixed. The spacing for this device is found 
in the same manner as for the rigid damper. 
As an example, the torsional damper of 
figure 1 is installed 6 feet from the clamp 
on 795,000 cir-mil ACSR. 


Appendix 


The rigid analysis of the motion of a single - 
rigid damper will be developed to show that 
the above solutions are approximations 
strictly valid for short spans. 

The torsional wave equation 


076 076 
eh 
ot? Ox? 
in which 


a*=Gg/y=velocity of propagation squared 
G=modulus of rigidity 
y= weight per unit volume 


has a solution of the form 
6=X sin wt 


Let one end of a span of length s be the 
origin and the damper be placed a distance 
b from the origin. For the end conditions 


0=O0atx—Oands—s: 


the space function can be written 


: cox 
0G = (6 Sin O=x=b 
a 
(x—s 
Me= Dan = a b=x=s 
a 


The conditions to be satisfied at x=}, with 
I, representing the moment of inertia of 
the area of cross section of the conductor, 
are 


6,=0, 
7 oe 20, 062 (22) 
of "Lox ox 


Eliminating C and D, the natural frequencies 
are given by 


| ' wh ] 
tan 7’ cot ——aal |=7’ 
a 


a 


where 


For a practical installation, s>>b and 6 is 


small. Then, with B=ws/a, 
7'bB 
tan B = ——__—_—_ 
B?a?bI/s—r's 23) 
having consecutive roots 6,(i=1,2,3....). 
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1 8 has a value such that tan BB, 
5 natural frequency becomes 


wer! /bI (24) 
which agrees with the approximate theory. 
; For forced oscillations, the solution in 
eenrelized co-ordinates is 


i=o 


O2=x=b) 


Figure 5. Schematic diagram of a damper 
with a resilient joint at the center of gravity 


The potential energy function is 


ro LLC) LY 


=1'B(A;+ By) x? /8S* 
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with 7 


Av=2p,| = 6-2) (2)... 
z=b 


Be= x sin — (2); sin ee | 
s C/B=Bi < 


z=d 


The kinetic energy function is 
vy f (=) ‘ O00» \2 
S=— —)d — 
2eLJ, de ot f 2) ea Ba 
I@ M.. 
g fmaty —W)stmo 
sin? a liey 
s 


mel See. Pene\s 
2e\) wt sin — 


Applying Lagrange’s equation, the dif- 
ferential equation for x; is: 


ob 


oss [ wear Bo Ig 
8gB; 2 


yp(Ai—Bi) |. , Bid |.. 
kee + sin “ xit 
7'Bi( A+ Bi) i _ly ein PS 
AT 3? Jas 


For the condition tan B—8 
A>Be>26,b 

and the differential equation simplifies to 
(sin 2 Cebu) =ly/K?* 

Hence, for K—/ and w>«, 


6,=,=(A/I) sin of 
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The general solution of torsional dampers 
with the damping constants is obviously 
complex. The single natural frequency of 
the approximate solution is replaced by a 
series of frequencies in the general solution 
of a long span, since the distributed me- 
chanical system of the conductor becomes a 
major part of the vibratory system. How- 
ever, the lowest natural frequency of equa- 
tion 23 is less than that of equation 24 for 
long spans and a damper designed for the 
approximate conditions will be effective 
when tan 68, 
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The Protection of Solid Insulation by 
Lightning Arresters 


D. D. MacCARTHY 


ASSOCIATE AIEE 


Introduction 


HE' protection of distribution trans- 

formers or other apparatus against 
lightning involves the basic problem of 
limiting the voltage applied to the insu- 
lation to a value adequately below the 
insulation strength. The effect on in- 
sulation of chopped waves and full waves 
of standard impulse wave shapes such 
as 1.5x40 microseconds has been thor- 
oughly investigated in the past. How- 
ever, there has been a lack of the informa- 
tion necessary to compare the effect of 
chopped waves with the effect of voltages 
of other than standard wave shape re- 
sulting from arrester breakdown followed 
by the impedance drop that occurs dur- 
ing the impulse current discharge. Also 
there have been little data available on 
the failure of low voltage insulation. For 
these redsons an investigation has been 
made using oil immersed solid insulation 
of a type used in distribution transform- 
ers. The puncture voltage and number 
of shots to failure were determined when 
the insulation was in parallel with light- 
ning arresters or gaps which controlled 
the wave shape of the voltage applied to 
the insulation. These results have been 
correlated with the single shot puncture 
voltage determined from tests in which 
failure occurred on the wave front. It 
was found that repeated applications of 
voltages in excess of approximately 70 
per cent of the single shot puncture volt- 
age may damage the insulation. 


Insulation Samples 


The insulation tested consisted of pads 
of 10- by 10-inch sheets of kraft paper 5 
mils in thickness. Thin sheets of paper 
were used so that the failure voltage 
could be varied in small steps by chang- 
ing the number of sheets in series. The 


Paper 41-133, recommended by the AIEE com- 
mittee on protective devices, and presented at the 
AIEE summer convention, Toronto, Ontario, Can., 
June 16-20, 1941. Manuscript submitted April 15, 
1941; made available for preprinting May 15, 
1941. 


D. D. MacCartny and T. J. Carrenter are both 
with the lightning arrester engineering department, 
General Electric Company, Pittsfield, Mass. 
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line electrodes were pancake coils 2 inches 
in outer diameter and 1 inch in inner di- 
ameter wound from 85- by 155-mil cop- 
per, see figure 1. The turns of the line 
electrodes were wrapped with paper in- 
sulation of a type used in transformers. 
This insulation raised the corona voltage 
and made the failure voltage of the in- 
sulation pads less erratic. The turns of 
the coils were tied with 15-mil thread 
since thread and tape are sometimes used 
on transformer coils. The maximum 
thickness of the coil insulation at points of 
contact with the paper was about 20 mils 
but was variable due to the thread and 
the paper wrapping. At the ends of the 
coil, the copper strips were bent perpen- 
dicular to the plane of the coil and 
brought up through a 15-lb cylindrical 
weight 2 inches in outside diameter used 
to assure good contact. These leads were 
connected in parallel to the impulse gen- 
erator. The pads were immersed in trans- 
former oil in a metal tray that served as 
the ground electrode. Both the coils and 
the paper were vacuum treated and oil 


Figure 1. 


Insulation sample after puncture 


A line electrode turned on edge to expose 

puncture and a small section of the sheet of 

10- by 10-inch kraft paper used are shown. 

The bottom of an oil-filled metal tray formed 
the ground electrode 
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impregnated before the tests to eliminate 
moisture and absorbed air. The samples 
were kept under oil at all times until 

failure. Although all of the materials in 

the pads are used for certain types of in- 

sulation in transformers, the pads as 

tested cannot be considered! as represent- 

ing the actual insulation strength of 

transformers, since in transformers steep» 
impulse waves may result in an unequal 

distribution of voltage along the turns 

and the major insulation does not consist 

of paper sheets alone. In designing the 
insulation test pieces, it was necessary to 

consider the requirement of simulating 

transformer insulation and the additional 

requirements of simplicity of construc- 

tion to permit ready observation of the 

failure, and low cost so that a large num- 

ber of samples could be tested. 


Single-Shot Puncture Tests 


Tests in which puncture occurred on 
the wave front were made with impulse 
voltages of negative polarity that rose at 
a uniform rate until chopped by insula- 
tion puncture. A new line electrode and 
new sheets of paper were used for each 
test. The puncture voltage and time were 
determined, by means of cathode ray os- 
cillograms, see figure 2, for line elec- 
trodes alone and line electrodes in series 
with pads of two, five, and eight sheets of 
paper. As the thickness of the insulation 
pads was changed the constants of the 
impulse generator circuit were adjusted 
so as to produce puncture at approxi- 
mately the desired time. In those cases 
where the wave initially departed from a 
uniform rate of rise, the virtual zero was 
determined by a chord through the 30 
and 90 per cent points on the voltage os- 
cillogram. The results are plotted in 
figure 3. The failure in all cases was due 
to puncture through the paper and tended 
to occur near the outside of the line elec- 
trodes; corona was observed during tests 
of pads with five and eight sheets of 
paper. 

Since it is desirable to base average 
curves on all of the available test data, the 
test results were correlated by means of 
figure 4 in which the average puncture 
voltage for failure times of 0.2, 1, and 8 
microseconds was plotted against the 
paper thickness. The solid line curves 
of figure 3 give the puncture voltage from 
tests on line electrodes alone and pads 
with two, five, and eight sheets of paper; 
all of the original data points were 
plotted. The broken line curves for three, 
four, six, and seven sheets were obtained 
by interpolation from figure 4. 

From figure 3 the puncture voltage at 
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0.25 25 microsecond is about 116 per cent 
of the value at 1 microsecond. Tests by 
Montsinger! gave a ratio of 160 per cent 
Fe the failure voltages at the same value 
of time. It is suggested that this differ- 
ence is due to the considerable differences 
in the structure of the insulation samples 
tested in the two investigations and to dif- 

"ferences in the applied voltage waves. 

) Montsinger’s tests were made on insula- 
tion barriers 0.64 and 2.5 inches in total 
thickness with relatively large oil ducts; 
the samples were designed to simulate 
the major insulation used in high voltage 
transformers. 

From figure 4, it is evident that the 
average puncture voltage increased lin- 
early with the total thickness of the paper 
sheets in the pad. This is evidence that 
the strength of the individual paper sheets 
and the distribution of voltage were uni- 
form. Although the line electrode insu- 
lation measured 20 mils in thickness in- 
cluding the thread, it had a puncture volt- 
age equivalent to 7.5 mils of the 5-mil 
paper. Failure tended to occur at the 
threads presumably due to a concentra- 
tion of stress. 


Puncture of Insulation in 
Parallel With Arresters or Gaps 


A second series of tests was made with 
pads in parallel with 9-kv distribution 
arresters or gaps set for values of impulse 
breakdown within the range permitted by 
lightning protective devices used on 
6,900-volt circuits. Several types of gaps 
were used among which were !/.-inch 
square rod gap set at ®/., inch and 2!/j. 
inches; and sphere gaps 6.25 centimeters 
in diameter set at 16 millimeters. Cath- 
ode ray oscillograms were taken to show 
the failure voltage and time, see figure 5. 
A new line electrode and new sheets of 
paper were used for each test but not for 
each impulse. Although the applied im- 
pulse voltage wave was changed during 
the series of tests, each individual sample 
was punctured by repeated applications 
of the same voltage wave except that the 
tests were stopped in three cases after 100 
or more shots. A total of 95 pads was 
tested and the results are summarized in 
the tabulation. In all tests the applied 
voltage rose at an approximate rate of 
500 kv per microsecond until reduced by 
the arrester or gap or by puncture of the 
insulation. The rate of 500 kv per micro- 
second exceeds the rate of 100 kv per 
microsecond recommended in the ap- 
pendix to “Standards for Testing Light- 
ning Arresters,’’ ASA C-62, and is perhaps 
representative of the steeper rates to 
which distribution arresters in service are 
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Figure 2. Volt-time oscillogram taken during 
single-shot puncture tests on eight sheets of 
0.005- by 10- by 10-inch paper 


subjected. The gap and arrester break- 
down voltages in the tabulation exceed 
the values obtained from tests with volt- 
ages rising at 100 kv per microsecond. 
For example the 9-kv valve type arresters 
have a breakdown voltage of approxi- 
mately 50 kv on the 100 kv per micro- 
second tests whereas a breakdown of 69 
kv is given in the table for the 500 kv per 
microsecond wave. The time to break- 
down of the arresters or gaps ranged 
from 0.13 to 0.30 microsecond on the 500 
kv per microsecond wave. These values 
of time to breakdown of the arresters or 
gaps are small compared to the range of 
one to four microseconds required for the 
IR voltage to reach crest and are still 
smaller in comparison with the duration 
of the JR voltages produced by current 
discharges that decayed to half value in 
40 microseconds. 

When arresters were used, the impulse 
current had a crest of 5,000 amperes, an 
initial rate of 2,200 amperes per micro- 
second, and a time to half value of 40 
microseconds. The value of 5,000 am- 
peres crest was chosen for the current 
since 88 per cent of the discharge currents 
measured? through rural distribution 
arresters in service did not exceed this 
value. While comparatively little in- 
formation is available* on rates of rise 
and duration of currents discharged by 
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arresters in service, it is believed that the 
impulse discharge used in these tests was 
of more than average severity. 

When gaps were tested, the impulse 
discharge current crest was 500 amperes 
or less and the time to half value was 40 
microseconds. The value of approxi- 
mately 500 amperes was selected for the 
magnitude of the discharge current as a 
matter of convenience and to give arc 
voltages and inductive drops that were 
small, For part of the tests, wire-wound 
resistors of 120 to 150 ohms were con- 
nected in series with the gaps to study the 
effect of JR voltage on insulation failure. 
Cathode ray oscillograms, see figure 5, 
showed whether the insulation failure oc- 
curred as the voltage was rising to gap 
breakdown or during the subsequent ap- 
plication of JR voltage to the insulation. 


Comparison of Test With 
and Without IR Voltage 


By means of the data in the tabulation, 
it is possible to compare the effect on in- 
sulation failure of breakdown voltage 
without subsequent JR voltage, with the 
effect of breakdown voltage followed by 
IR voltage. The per cent of single shot 
puncture voltage given in the tabulation 
is the ratio of the breakdown or IR volt- 
age applied to the pad to the average 
single shot voltage determined from 
figure 3 for a pad with the same number 
of sheets. When valve arresters were 
tested the crest JR voltage occurred at 
one to two microseconds so the single 
shot puncture voltage curves were read 
at 1.5 microseconds; the wire-wound 
resistors gave crest JR voltages at two to 
four microseconds, and the curves were 
read at 3.0 microseconds. In tests 1 and 
2 with valve type arresters puncture al- 
ways occurred as the voltage was rising 
to gap breakdown; two-sheet pads failed 
in 1 to 5 shots and three-sheet pads in 3 
to 14 shots. In test 3 with gaps set for 
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Figure 3. Wolt-time curves 
for single-shot puncture from 
front-of-wave tests 
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Figure 4. Average single-shot puncture volt- 
age from front-of-wave tests» 


nearly the same impulse breakdown as in 
tests 1 and 2 but having no JR drop, two- 
sheet pads failed in one shot. In test 4, 
six of the three-sheet pads failed in one to 
nine shots (see footnote in tabulation) and 
the seventh pad withstood an abnormal 
number of shots. A comparison of tests 
1 and 2 with tests 3 and 4 shows that 
valve arrester JR drops of 74 and 58 per 
cent of the average single shot puncture 
voltage did not reduce the number of 
shots required to fail the insulation. 
However, it is evident that the JR volt- 
age if sufficiently high will reduce the 
number of shots the insulation can with- 
stand. This is seen from tests 4, 5, and 6 
and tests 7,8,and9. The gap breakdown 
voltage was approximately equal for the 
three tests 4,5, and 6. Test 4 was made 
with no ZR voltage. In test 5 the JR 
voltage was 84 per cent of the single shot 


strength and puncture occurred on the JR 
voltage in two out of the seven tests. In 
test 6 with an IR voltage of 95 per cent 
of the single shot strength, puncture al- 
ways occurred on the first shot during the 
IR voltage. These tests indicate that re- 
peated shots with IR voltages in excess 
of 84 per cent of the single shot strength 
will deteriorate the insulation. 

The three tests 7, 8, and 9 were all 
made with the same gap and give addi- 
tional information on the effect of JR 
voltage. In test 7 there was no JR volt- 
age and two pads each withstood 102 
shots. In test 8 the JR voltage was 69 
per cent of the single shot failure voltage 
and three of the pads tested punctured on 
shots 25, 34, and 86 while the fourth pad 
withstood 109 shots without failure. Al- 
though it might be inferred from a com- 
parison of tests 7 and 8 that the JR volt- 
age reduced the number of shots to fail 
the insulation, the number of pads are so 
few in test 7 and the range of shots so 
large in test 8 that such a deduction is 
questionable. On test 9 the JR voltage 
was 78 per cent of the single shot puncture 
voltage and failure occurred in fewer 
shots than in tests 7 and 8. 

The remainder of the tabulation shows 
the number of shots required to puncture 
pads with various amounts of insulation 
when the voltage was chopped by gaps 
without series resistance. The protec- 
tive ability of these gaps was approxi- 
mately equivalent to a rod gap set two 
inches, since the breakdown voltages 
ranged from 112 to 125 kv and there was 
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Figure 5. Volt-time oscillogram taken on pad 
with three sheets of paper 


The pad was protected by 6.25-centimeter 

spheres set 16 millimeters with a resistance of 

150 ohms connected in series. Puncture 

occurred during the /R voltage at about 1.7 

microseconds. This oscillogram was retouched 
for reproduction 


no IR voltage. With these gaps in paral- 
lel with the pads, it was necessary to have 
from five to eight sheets in the pads to 
withstand the same number of shots as 
were withstood by pads with two or three 
sheets when tested in parallel with valve 
arresters that had a breakdown voltage 
of 69 kv and an JR voltage of 34-kv crest. 


Effect of Repeated Shots 
on Insulation Puncture 


Thus far comparisons have been made 
between part of the individual tests listed 
in the tabulation. However, the effect of 
repeated shots can best be determined by 
putting the data from all tests on a com- 
mon basis. This has been done in figure 
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Notes: *Number of shots to puncture pads: 1, 1,1, 2),4, 9) and 73: 


bFive pads were punctured on the breakdown; two on the JR voltage. 


¢Two samples withstood 102 shots and tests were discontinued. 


4Number of shots to puncture pads: 25, 34, 86, and one withstood 109 shots 
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Figure 6. Tests with 
repeated shots 


The applied voltage, 
in per cent of the 
single-shot puncture 
voltage, is plotted 
against the number 
of shots to puncture 
the pads. The in- 
sulation pads were 
in parallel with gaps 

or arresters 
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6 where the applied voltage expressed in 
per cent of the single shot puncture volt- 
age was plotted against the number of 
shots to rupttire the insulation. Data 
points were plotted from each of the 95 
pads tested whereas the tabulation was 

_condensed to include only averages or the 
ranges of data. A point was plotted for 
arrester or gap breakdown voltage and 
another for the JR voltage when it ex- 
isted. The symbols indicate whether the 
puncture occurred as the voltage rose to 
gap breakdown or during the subsequent 
IR voltage. Since a large number of in- 
sulation punctures occurred on the first 
few shots, these points have been grouped 
about the ordinate through the actual 
shot number. Factors responsible for the 
scattering of the points include variations 
in the gap or arrester breakdown volt- 
ages, variations in the impulse generator 
discharge from shot to shot, and varia- 
tions in the puncture voltage of individual 
pads. 

The curve in figure 6 shows that the 
number of shots required to fail the insu- 
lation increases as the applied voltage 
expressed in per cent of the single shot 
puncture voltage is reduced. In all tests 
in which the insulation was ruptured, 
either the breakdown or the JR voltage 
was at least 70 per cent of the single shot 
puncture voltage. It is concluded from 
this plot that the insulation will with- 
stand a large number of repeated shots 
provided the applied voltage does not 
exceed a value of approximately 70 per 
cent of the single shot puncture strength 
at any value of time. Within the limits 
of this investigation, this conclusion holds 
irrespective of whether the applied volt- 
age is of short or long duration. On the 
basis that the curves of figure 3 are 100 
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per cent, itis concluded that curves drawn 
through 70 per cent of the voltage will 
approximate the shape of the highest 
voltage wave that can be repeatedly 
applied without reducing the number of 
shots the insulation will withstand. 
Montsinger! found that repeated shot in- 
jurious corona appears at voltages of 65 
to 90 per cent of the single shot failure 
voltage and concluded that 80 per cent is 
a safe average value of voltage for re- 
peated shots. The value of 70 per cent 
from the present tests is in good agree- 
ment with his results notwithstanding 
the differences in the structure of the in- 
sulation tested in the two investigations. 


The Effect of Voltage Wave Shape 
on Insulation Puncture 


One object of this investigation was to 
determine if arrester [R voltages of rela- 
tively low magnitude might possibly be 
more destructive to insulation because of 
long duration than voltages of relatively 
short duration preceding the breakdown 
of gaps. This was not found to be the 
case in these tests. The higher voltages 
necessary to puncture the insulation 
samples at short values of time are due to 
turn up of the insulation volt-time charac- 
teristic. Although figure 3 shows that 
higher voltages are required to cause 
puncture in short values of time, this 
might be offset in transformers by non- 
uniformity in distribution of voltage be- 
tween the turns of the transformer coils 
which increases with the steepness of the 
voltage applied. Although these tests on 
insulation samples showed no evidence of 
deterioration of the insulation due to 
voltages less than 70 per cent of the 


single shot strength, the conclusion 
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should not be drawn that chopped waves 
of this magnitude are necessarily harm- 
less to turn insulation in actual trans- 
formers, 


Conclusions 


(1). The single shot puncture of the insu- 
lation increased linearly with the insulation 
thickness over the range tested in this in- 
vestigation. 


(2). The single shot volt-time puncture 
curves of the insulation tested in this in- 
vestigation are relatively flat; the average 
puncture voltage for failure at 0.25 micro- 
second was found to be only 16 per cent 
more than the puncture voltage at 1 micro- 
second. 


(3). This investigation shows that valve 
type arresters, of the type tested and the 
rating applied on 6,900-volt circuits, are 
superior to two-inch rod gaps for the pro- 
tection of insulation when subjected to im- 
pulse discharges that are of more than aver- 
age severity based upon field records. 


(4). Tests with repeated applications of 
impulse voltages showed that as the ratio 
of the applied voltage to the single shot 
puncture voltage is reduced, the number of 
shots necessary to rupture the insulation 
increases. 


(5). The insulation tested withstood a 
relatively large number of shots provided 
the applied voltage did not exceed a value of 
approximately 70 per cent of the single shot 
puncture voltage at any instant of time 
during the application. 


(6). From life tests during which the insu- 
lation was subjected to voltage waves modi- 
fied by the operation of protective devices, 
it is concluded that the insulation will 
withstand a relatively large number of shots 
provided the instantaneous voltage due to 
breakdown or JR voltages does not exceed 
approximately 70 per cent of the single shot 
puncture voltage. 


(7). The results of this investigation sug- 
gest that in the application of protective 
devices, the upper limit of the stress that 
can be safely applied repeatedly to new 
insulation may be regarded as 70 per cent 
of the single shot puncture voltage; this 
is irrespective of whether the highest stress 
permitted by the protective devices is due 
to short or long time gap breakdown or 
short or long duration 7 R voltages. 
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Synopsis: This paper describes the appli- 
cation of Hipersil to three 40,000 Kv-a units 
for the Philo generating station of The 
Ohio Power Company. Because of Hiper- 
sil’s ability to carry one-third more magnetic 
flux, appreciable savings in weight and 
dimensions are possible—in fact, the trans- 
formers will be shipped in oil completely 
assembled with bushings in place, ready to 
operate. 

Forced-oil and forced-air cooling are 
provided, with proper relays for protec- 
tion in the event of excessive copper tem- 
perature or failure of auxiliaries. Relia- 
bility, economy, ease of installation, and low 
maintenance have been the objectives 
sought in the design. 


LTHOUGH technical progress in the 
art of transmission of electrical en- 
ergy has been considerable in the last two 
decades, it is a fact that no single signifi- 
cant contribution looking toward more 
economical transmission is readily called 
tomind. Most particularly is this true in 
the case of the transformer—the essential 
linkin a-c transmission. Thus, major de- 
sign and construction improvements have 
been made in impulse strength, in light- 
ning protection, and in impulse testing of 
transformers. But these developments 
have only indirectly affected cost. Even 
more notable is the fact that a design 
trend of many years background in the 
direction of continually reducing losses 
has not been re-examined, nor most cer- 
tainly altered in the face of decreasing 
costs of electrical capacity and energy. 
The development described here, it is be- 
lieved, marks a definite step in altering 
that condition. 

The essential element in this new design 
is a new steel, Hipersil.! Its outstanding 
characteristic is its ability to carry ap- 
proximately one-third more magnetic flux 
in the transformer core. Figure 3 shows 
equipment used in a test made on two 
model cores identical in size—one of sili- 
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con steel and one of Hipersil. With the 
same exciting ampere-turns the flux meas- 
ured in the Hipersil core was 38% 
greater than in the silicon steel core. It 
is hoped at a later date to present some 
more extensive information on the charac- 
teristics of Hipersil. This pushing for- 
ward of some of the design limitations 
which have heretofore held in check trans- 
former designers, even though, for the 
present at least, the advantages of the new 
material must be limited to transformers 
where it can be used with the magnetic 
flux in line with the direction of rolling, is 
bound by itself to have a most material 


Figure 1. 40,000-kva 138-kv 
transformer mounted on stand- 
ard flat car for shipment 


In spite of the large size of this 
transformer, it will be shipped 


use of forced-oil cooling, and in the light » 
of the basic aim sought, this construction 
was adopted. Another factor bearing on 
the selection of forced-oil cooling for this 
application was the fact that little over- 
load capacity is needed in a base load unit 
operating on the unit principle with gen-— 
erator and transformer in series switched 
as a unit. ; 

As a result of these two basic ideas it 
was found possible to reduce weights and 
dimensions to a point where these large 
transformers could be completely assem- 
bled in the factory to be shipped in oil 
with bushings in place. Figure 1 shows 
an elevation of one of these units mounted 
on a standard flat car with significant 
dimensions. The cost of erection and 
starting in the field will obviously be re- 
duced to a minimum. 

Another interesting feature of these 
transformers is that due to the small size 
and the relatively small amount of oil in- 
volved it was possible to weld the cover 
on and seal the unit permanently against 


completely assembled with 
cooling equipment, oil bush- 


ings, and lightning arresters in 
place 


effect on transformer design economics 
and on transformer design art. In the 
development described, Hipersil has been 
coupled with forced-oil cooling, and with 
re-examined criteria for losses in the light 
of modern power and energy economics. 
But safety and reliability, as will be 
evident from the more detailed descrip- 
tion to follow, have not been sacrificed. 


Description of Transformer Units 


This paper presents specifically the 
results of an analysis to see what the 
possibilities of this new material and new 
ideas would be in the design of large trans- 
formers for a base load station. The par- 
ticular units under consideration are rated 
40,000 Kv-a, 138 Kv, with non-solidly 
grounded neutral. The relatively lower 
cost of energy at the station bus was fully 
considered in evaluating the transformer 
losses and it made possible a closer use to 
the full of the inherent properties of 
Hipersil in reducing dimensions and the 
amount of active material required. 

It was found that the smaller weights 
and dimensions resulting from the greater 
flux carrying capacity of Hipersil could 
be reduced still further through the 
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deterioration of the oil and insulation. 
There is no provision for breathing. 

When operating at full load, these 
transformers have oil circulating pumps 
and fans in continuous operation, but 
much thought has been given to the ques- 
tion of reliability and protective devices. 
It is believed that with the arrangements 
described below, a degree of reliability 
comparable with that of other major 
apparatus in the generating station has 
been obtained. 

It is interesting to examine the reduc- 
tion in weights and increase in losses of 
this transformer compared with a stand- 
ard self-cooled air-blast unit of the same 
rating: 


Copper windings. . reduction in weight 10% 
Corel ee reduction in weight 25% 
Lossesx. 238 sae increase in weight 5% 


Cooling System 


The transformer itself is of shell-type 
construction and is mounted horizontally 
in the tank. Fin-type coolers employing 
round tubes of substantial cross-section 
are mounted on each side of the tank wall 
and provided with circulating pumps and 
cooling fans. The two radiator assem- 
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Figure 2. 
transformer showing principal over-all dimensions 4 
The transformer is completely sealed with cover welded 


in place. 


changes 


blies are operated as independent units. 
Power for the pumps and fans is supplied 
from two auxiliary transformers mounted 
inside the main unit—one auxiliary trans- 
former taking care of one radiator bank. 
However, each of these auxiliary trans- 
formers is of sufficient capacity to supply 
power for the pumps and fans of both 
cooling units, and the control is so ar- 
ranged that in the event one auxiliary 
transformer should fail, its fans and pump 
can be immediately connected to the 
other transformer. The control, too, is so 
arranged that both oil circulating pumps 
operate at no load but the fans come on 
as required; that is, when the oil tem- 
perature reaches 65°C, one set of fans 
comes into operation; at 75°C, the 
second set of fans comes into play. 

Differential pressure relays are pro- 
vided on each circulating pump. With 
only one pump in operation the capacity 
of the transformer would be reduced 
to 80%. Should the oil flow stop 
through one of the coolers due to failure 
of the pump or any other cause, the 
differential pressure relay would sound a 
warning to the station operator. Should 
both pumps stop, a signal to clear the unit 
from the line is given. 


Operation by Copper Temperature 


Since the thermal capacity of these 
transformers is small—comparatively 
little oil being required—excess copper 
temperatures could be reached in a rela- 
tively short time in the event diffi- 
culty should develop in the cooling system. 
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Side elevation of 40,000-kva 138-ky 


No auxiliary gas equipment is required since 
adequate gas space is provided in the tank for maxi- 
mum expansion and contraction due to temperature 


Figure 3 (right). Test 
to demonstrate flux- 
carrying capacity of 
Hipersil 


Two cores identical 
in size—one silicon 
steel, one Hipersil— 
were excited with 
0.5 ampere through 
a coil of 154 turns. 
The voltage across 
the coil when assem- 
bled on the silicon 
steel core was 92— 
when on the Hiper- 
sil core, 127. Since 
the flux produced in 
the core is propor- 
tional to the voltage, 
the Hipersil core 
carried a flux greater 
than the silicon steel, 
in the ratio of 127 to 
99, or approximately 
38 per cent greater 


For this reason relays are provided in each 
unit which operate on copper tempera- 
ture. At 105 degrees centigrade copper 
temperature (measured by resistance), a 
warning signal is sounded to the station 
operator indicating that steps should be 
taken to reduce the load. It is not likely 


Figure 4. Plan view showing oil circulation 
system 


Pumps and fans are arranged in two independ- 
ent assemblies each supplied from a separate 
auxiliary transformer mounted inside the main 
tank. Protection to the unit is provided in the 
event of failure of pumps by means of differen- 
tial pressure relays and in the event of fan 
failure by copper temperature relays 
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that the transformers would be actually 
overloaded due to the limitation of the 
generating equipment in the station, but 
it is conceivable that in the event of 
failure of fans or pumps on one side of the 
unit, even normal full load would exceed 
its reduced load carrying capacity. Should 
the copper temperature continue to in- 
crease and reach a dangerous point, the 
copper temperature relay signals the sta- 
tion operator for immediate shut-down. 


Fans and Pumps 


A number of different blower arrange- 
ments were attempted during the course 
of the design but the use of simple air- 


4 


DIFFERENTIAL PRESSURE GAGE 
FAN. SUPPORT 


TANK 
WALL 


THERMOMETER 


METER 


= 


PIPE 


Sporn, Putman—Transformer for Base-Load Stations 


TRANSACTIONS 917 


HIGH VOLTAGE 


MAIN 
TRANS—”| 
TANK H 


AUXILIARY. 
TRANSFORMERS 


‘AB’ BREAKER 


PRESSURE 


THERMAL] RELAY 
(ELECTRIC] RESET) 


Ke ela Figure 5. Schematic 


diagram showing ar- 
rangement of control 
: apparatus mounted 
| in control cabinets 
| on transformer 


Auxiliary transform- 
ers mounted inside 
main unit are pro- 
vided with protec- 
tive links to clear 
circuit in case of 
winding failures. 
Either auxiliary trans- 
former will supply 
all pumps and fans 
by closing proper 
AB breakers. Fans 
are controlled from 
thermostatic relays 
operating on oil tem- 
perature. Pump mo- 
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blast fans equipped with motors having 
“sealed for life’ bearings was finally 
adopted asthe simplest and most economi- 
cal arrangement. Sixteen fans are em- 
ployed on each cooler, mounted in racks 
of four. Consideration has been given to 
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Figure 6. Section of oil circu- 
lating pump showing com- 
pletely enclosed oil-immersed 
self-lubricating motor and 
pump rated 400 gallons per 

minute 


easy replacement of these individual racks 
should that become necessary as a matter 
of routine maintenance. 

The circulator pumps are of a type pre- 
viously used for this application. They 
are equipped with a vertical shaft motor 
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Figure 7. Bird-wing fan mounted in removable 


of four units behind radiator 


coolers 


assemblies 


Motors are outdoor capacitor-type equipped 

with ‘‘sealed-for-life’’ bearings. | Capacitors 

are mounted in control cabinets on the trans- 
former 


which is completely sealed and mounted 
in the oil circulation system so that both 
stator and rotor windings are submerged 
and bearings continually lubricated at all 
times by the transformer oil itself. Con- 
sideration has also been given to the 
problem of changing the pump motor and 
impeller assembly in the shortest possible 
time should that ever become necessary. 


Conclusions 


The development of Hipersil has opened 
up many new avenues for the design of 
transformers. As shown here, its use, 
coupled with other design ideas, has made 
possible production of large units more 
economically through reduction in size 
and amount of material required. Weights 
and dimensions become particularly im- 
portant in very large units. Using stand- 
ard magnetic steel these have had to be 
shipped in nitrogen gas in special con- 
tainers to get by bridge and tunnel clear- 
ances. Upon arrival they required a con- 
siderable amount of erection work and ex- 
pense prior to being placed in service. The 
use cf Hipersil automatically extends the 
rating size before this becomes necessary. 
It is apparent, too, that the same develop- 
ment will make possible the extending of 
the practical size of the portable trans- 
former whether on car or trailer. Finally, 
the authors believe that this development 
is but another proof of the vitality of the 
electric power art and of the ability of 
modern technology to move rapidly for- 
ward even in a well developed field. 


ELECTRICAL ENGINEERING 


K these days of supersensitive ampli- 
fiers and recording apparatus, it is 
_very tempting to define life and death in 
terms of electrical activity. Whether or 
not this concept is accurate, we can, on 
present knowledge liken living tissue to 
a B-battery and dead tissue to a burned 
Bout generator. The function of living 
tissue, however, is so closely allied with 
its electrical activity that knowledge of 
the latter has given us better understand- 
ing of the working of the human body. 

Great names in electrical engineering 
contributed to our knowledge of the 
physiology of tissues. Galvani in 1780 
made the really startling observation that 
the muscle of a frog’s leg could be made 
to contract when stimulated with the 
voltage from the crude Voltaic pile. 
That the muscle itself, on contracting, 
gave off a charge of its own was shown 
in 1870 by D’Arsonval, who noted the 
deflection of the needle when the muscle 
contracted across the poles of his gal- 
vanometer. 

With improvements and greater sensi- 
tivity in recording instruments, electrical 
waves were obtained from the human 
heart (Waller, 1885; Einthoven, 1903) 
and from the nerve and muscle (Lucus, 
1906; and Piper). In 1929 Hans Berger, 
with string galvanometer and amplifiers, 
picked up the first electrical waves from 
the human brain with electrodes on the 
scalp. 

The first type of body currents to be 
discussed here is the rather static, direct 
current potential difference. It is this 
ever-present E.M.F., found in all living 
matter, small (few millionths of a volt), 
but constant as to polarity and relatively 
unchanging in time or species, that brings 
up the easy analogy of life to the B-bat- 
tery. The living cell shows a tiny po- 
tential difference between its surface 
and the centrally located nucleus (Free- 
man). In plants, we can find a few 
microvolts of D.C. potential and in one 
animal, the electric eel, we may find as 
much as 500 volts. There is strong evi- 
dence that these potentials are due to dif- 
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ferent metabolic rates or energy levels in 
different parts of the same structure. 
Thus the relatively inactive, transparent 
membrane covering the human eye-ball 
(cornea) is nearly a millivolt different 
from the highly active, photo-sensitive 
retina at the back of the eye. 

Nearly anywhere in the body, such po- 
tential differences may be found and in 
some cases might be clinically useful. For 
example, if an electrode is placed in the 
vagina, and another on the surface of the 
skin of the abdomen, a sudden increase 
in the base-line voltage difference is said 
to indicate that ovulation is occurring 
in the underlying ovary. These D.C. 
potentials are always associated with the 
first and most important character of 
life, namely: absorbing energy, growth, 
and change in structure. We call these 
activities metabolism and catabolism. 
They are found, for example, in the rose 
from seed to death, although the flower 
never moves in the sense that animals 
swim, fly, walk, etc. The more active 
part metabolically speaking is negative 
to the less active part. Thus the former 
is essentially the —; zinc, or cathode of 


Electrical response of human biceps 
muscle to tap on tendon 


Figure 1. 


ae 


TIME IN Too SEC 


Figure 2. Action potential in a nerve fiber 
(from Gasser) 


Figure 3. Action potentials of human heart 
(e'ectrocardiogram—from P. D. White) 
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a battery and the less active tissue the 
+; carbon, or anode pole. 

The second type of body currents is 
that associated only with the animal 
kingdom—the electrical activity of loco- 
motion. It is nature’s second and per- 
haps most interesting attribute of life, 
and is different from any of the D.C. 
potentials previously described. Con- 
tractile tissue is nature’s first intrinsic 
movement in an environment of physical 
forces all in motion, such as wind, tides, 
rivers, etc. This tissue, when left alone 
“lives,” i.e, has its D.C. potentials. 
But, when it is stimulated from without 
or from within, an astonishing change 
takes place. It moves actively, with- 
draws, strikes out. Associated with this 
defensive or aggressive movement there 
is an alternating current wave, a diphasic 
spike, which is lacking in the motionless 
tissues. An example of such tissue is a 
muscle fibre. When it is stimulated, it 
contracts, and a diphasic spike or group 
of such spikes occurs. This contractile 
tissue is primitive and found in all organ- 
isms that move, and is characterized by 
no electrical activity when quiet and by 
burst of such activity when stimulated 
to action (figure 1). 

A similar structure, but more compli- 
cated, is nerve tissue. Primarily used 
to conduct stimuli to the contractile 
tissue, it acts like muscle in that it has no 
activity electrically when at rest, but 
when at work shows the same character- 
istic diphasic spike. Motion, as an in- 
herent ability, however is not present in 
nerve tissue. (Figure 2.) In this tissue 
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Figure 4A. Normal patterns of human brain 
potentials 


Alpha rhythm above and beta rhythm below 
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very rapid shifts of metabolic activity 
occur. For example, A, B, and C are 
points in line in such a piece of living 
matter. When at rest they are absorbing 
energy (being nourished, living) and are 
negative to their enveloping and support- 
ing structures. Points A, B, and C are 
in, let us say, contractile tissue or nerve 
and have a much higher metabolic rate 
and complexity as far as molecular struc- 
ture than the simple covering membrane. 
Hence they are all negative to it. If 
point A is stimulated its energy is re- 
leased by a rapid chemical change and A 
loses its negative electrical charge. This 
in turn discharges or stimulates point B 
etc. These rapid changes produce the 
diphasic wave seen in muscle and nerve 
potentials. It is to be noted that in 3-4 
thousandths of a second the whole process 
is completed. This nerve conduction 
proceeds not like electrons in a wire, 
but slowly as each adjacent point goes 
through a chemical breakdown and stimu- 
lates the next one. The rate of conduc- 
tion of such an impulse is as far as 100 
meters per second in man, but is much 
slower in lower animals (5 meters per 
second in reptiles). 


Figure 4B. Obtaining and recording human 

brain waves in the brain-wave laboratory of 

the Massachusetts General Hospital and the 
Harvard Medical School, Boston, Mass. 


(Left). Electrodes 
used. Disc end 
fastened to scalp 


An ink-writing oscillograph recording a brain wave on moving paper 
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A third type of electrical activity is 
associated with the more highly developed 
types of contractile tissue. Cilia, tubular 
digestive tracts, and heart muscle have a 
“beat” of their own and depend no longer 
on outside stimuli for their continuous, 


regular contractions and_ relaxations. 
Every “beat” has its accompanying 
bursts of diphasic waves. (Figure 3.) 


This shows a normal electrocardiogram. 
Metal (silver) discs covered with flannel 
soaked in salt are fastened with elastic 
bandage to the left wrist and left foot 
(lead II). Wires from the two discs lead 
to the poles of a sensitive string galva- 
nometer. Bromide paper moved by clock 


works at 5 cm. per second receives the 
light beam from the mirror on the 


Placement of a frontal electrode. Note, at 
left, the box into which other end of electrode 
is plugged 
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string. Thus electrical changes in the 
heart show up optically magnified on this | 
recording paper when it is developed. 
Recording from each arm or right foot 
and left arm are some of the other leads 
(I and III). A vast and important field 
of clinical diagnosis has been developed 
in the interpretation of these EKG’s 
as they are called. They indicate patho- 
logical changes in heart muscle, dis- 
turbances in rate, rhythm, and in cir- 
culation of blood in the heart muscle 
itself. No complete examination of the 
heart can be done without such a 
measurement. Every hospital now has 
one and many doctors have them at their 
disposal. In 1910 they were a curiosity 
in this continent. 

The fourth type of body electrical cur- 
rents is that associated with the com- 
plex tissue that makes up the central 
nervous system of animals. Here, as the 
function is continuous during life, the 
ganglia and brain cell tissues are ever- 
active electrically and show no periods 
of rest in the manner of muscle and nerve. 
(Figure 4.) Each brain cell does not 
actually beat alone, but by a system of 
interconnections keep each other stimu- 
lated to activity. These ‘‘chains’” of 
neurones make up the bulk of the brain 
and spinal cord of man and animals. 
According to Herrick, in man, for ex- 
ample there are over 107789 possible 
neuronal combinations—a number far 
greater than the total sum of all atoms 
in the entire solar system 107°. 

It is this last form of living matter, the 
cells of the central nervous system that 
interests most physiologists today. In 
clinical medicine, the importance of the 
electrocardiogram in studying the func- 
tion of the heart is completely established. 
The newer electroencephalogram or re- 
cording of the electrical activity of the 
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igure 5. Comparison of human electro- 


of New York, are other engineers who 
cardiogram and human electroencephalogram 


have apparatus in this field. By these 
brain wave machines the EEG, as the 
records are called, appear immediately as 
an ink line on the paper strip. The usual 
speed of the paper is 3 cm. per second and 
there are anywhere from 3 to 6 separate 
“channels” recording simultaneously. 
Normal human brain waves consist of 
two sorts. Alpha or 10 per second waves 
have voltages of 30 to 75 microvolts, are 
extremely regular, and when dominating 


In B the brain wave is at same amplification as 
he heart wave in A. In C the brain wave is 
at the standard amplification for recording 


brain is rapidly becoming just as invalua- 
ble in the study of diseases and dysfunc- 
tions of the central nervous system. The 
recording of these brain waves, as the 
electroencephalograms are called, re- 
quires a much more sensitive type of 
apparatus. The heart currents obtained 


with surface electrodes on two of the 
extremities, as previously described, may 
reach nearly a millivolt and can be re- 
corded directly by a string galvanometer. 
The brain currents picked up from small 
(5 mm.) lead discs attached to the scalp 
by electrode paste and collodion (needles 
or cutting the hair are not necessary) are 
only 1/x,, of the heart’s and require vac- 
uum tube amplification before record- 
ing (see figure 4A, B). Albert Grass of 
Harvard and Dr. Alfred Loomis of 
Tuxedo Park both have developed rugged 
efficient battery and power-operated, 
push-pull amplifiers that operate ink- 
writing oscillographs. Offner of Chicago, 
Garceau of Holliston, Mass., and Rhem 
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PATIENT AWAKE 


ELECTROENCEPHALOGRAM 


the record are associated with easy-going 
stolid, reliable types (alpha type). The 
second type of normal activity is beta 
waves, 20-24 per second of voltages from 
10 to 40 microvolts. They are often 
associated in general with tense, rather 
high strung people. There are so many 
exceptions and mixed types that the brain 
wave pattern is not a real index of per- 
sonality, intelligence, or state of mind. 
(Figure 5.) This shows a brain wave 
and a heart wave compared. Here is seen 
the regularity of the 10 per second alpha 
waves, their continual appearance and 
the smallness of the voltage as differing 
from the regularity, discreteness, and 
high voltage of the heart activity. 
(Figure 6.) This shows the phe- 
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Figure 6. Comparison of the alpha rhythm in 
the beetle and human (from Adrian) 


nomenon of the disappearance of the alpha 
waves when light enters the eye. Pro- 
fessor Adrian of Cambridge University 
kindly lent me this slide. The lower 
tracing is from the brain of the famous 
Nobel Prize winner, the upper from his 
lowly compatriot, the English Water 
Beetle. Brain cells, wherever gathered 
together, act electrically much the same. 

(Figure 7.) This shows what the 
human brain waves are like during sleep. 
Irregularity and increased voltage are 
characteristic. Response of the individual 
to outside stimulus is greatly prolonged. 
Here the reaction time was over five 
seconds. (Normal is 1/4, of a second.) 
In very deep sleep, or when the individual 
is under anaesthesia, the rhythm becomes 
slower (3 per second) and the voltages 
increase. Such waves are called Delta 
waves. When the brain function is inter- 
fered with abnormal waves appear in 
the electroencephalogram. These seem 
to result from faster smaller waves being 
built up into some sort of synchrony. 
They appear as high-voltage spikes (100 
to 200 microvolts) or high-voltage, slow 
waves (Delta waves). They are some- 
thing like the sleep waves but usually of 
more voltage and slower. Periodic dis- 
turbances in the normal brain rhythm 
(cerebral dysrhythmia as it is called by 
Lennox) are found in patients who have 
epilepsy. The length and severity of 
the seizures (seconds to many minutes) 
are shown by the amount and voltage 
of these abnormal waves. 

(Figure 8.) Record of brain waves of 
a person who has, clinically, a form of 
epilepsy. The seizures are short, lasting 
but a few seconds, and are often periods 


Figure 7 (above). Effect of sleep on brain 
waves and reaction 


Figure 8 (right). Example of brain waves 
during a petit mal attack 


Upper tracing shows long delay in responding 

to light. Lower tracing shows beginning of 

another attack probably stopped by whistle 
stimulus 
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Figure 9. Brain waves from two patients in coma; upper waves from blood clot on brain 
and lower waves from brain abscess 
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Figure 11. In death I all tissues show no 
electrical activity; in I] only muscle and nerve 
are normal;* in III heart is normal;* muscle and 
brain abnormal; in IV only brain is normal* 


of unconsciousness. Sometimes they 
show up as slight twitchings of various 
face muscles, but do not develop into a 
real convulsion. These lapses are ac- 
companied by a characteristic wave pat- 
tern called the wave-spike formation, which 
is a slow delta followed by a short spike. 
In this case, the person did not respond to 
the neon light signal, but did to the ex- 
tremely unusual stimulus of the sound of 
a tug-boat whistle. During severe at- 
tacks of this kind, many fail to respond 
even to such a noisy stimulus. 

Blood clots and tumors of the brain 
also cause these high-voltage, abnormal 
waves. By means of triangulation and 
phase shifts with the multiple channel 
sets of apparatus accurate localization of 
these lesions is possible (84% accuracy 
in 400 verified cases at the Massachusetts 
General Hospital). An example of such 
an application of this technique is de- 
scribed. A 38-year old man was brought 
to the hospital in a coma with signs of 
pressure on the brain. A brain wave 
tracing showed a sharp, slow-wave dis 
turbance on the left side of his head. Op- 
eration revealed a tumor. Six weeks 
after this growth had been removed the 


Figure 10. Brain waves and heart waves dur- 
ing death in a human 
The electrocardiogram is top liné and right 
and left brain waves are below. Brain waves 
disappear ten minutes before death. Legal 
death occurs at the spot marked (x) which in- 
dicates cessation of respiration and pulse. 
(x marks instant when intern placed stetho- 
scope on chest to prove inaudible heart beat. 
The artifact produced by stethoscope touch- 
ing electrode wire is shown in the tracing.) 
Electrocardiogram continues one minute after 
death, stops and then begins again. Thirty- 
two minutes after death heart still has three 
beats from pressure on chest 
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I. Introduction 


HE double-fed asynchronous ma- 
chine has become important in re- 
cent times as fan drive with wide speed 
penge. The system consists of five main 
ee and the fan (see figure 1). It 
as many springs, masses, and dampings 
and therefore many natural frequencies. 
In order to determine these frequencies, 
ie. the dynamic stability of the system, 
the damping and synchronizing torques 
of all parts of the system have to be 
known. Some papers have been published 
concerning the torques of the synchronous 
machine. It is easy to determine torques 
for the D.C. machines of the system. The 
object of this paper is to derive formulas 
for the damping and_= synchronizing 
torque of the double-fed asynchronous 
machine. As in the case of the syn- 
chronous machine, a complicated deriva- 
tion and complicated results cannot be 
avoided. 


II. The Differential Equations 
of the Double-Fed Machine 


In order to simplify the mathematical 
work a two phase machine will be con- 
sidered, and the usual assumptions, i.e. 
no saturation and small oscillations, are 
made. The results will be generalized 
for the m,-phase machine. The voltage 


Damping and Synchronizing Torque of 
the Double-Fed Asynchronous Machine 
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equations of the two phase machine are 
(for the symbols see List of Symbols) 


Ey, sin wt=ABy'+Lyit'+nit (1) 
—E};, cos wt=ABn!'+Liin!+nin (2) 
Ey, sin (swt+8) = ABaq’+Loig'’+roig (3) 
—Ejz,2 cos (swt+5)=ABg'+Leig’+roig (4) 


where 
2 
== rw X10-* (5) 


tr, a, tg, and i, are the currents in the 
four windings. By, By, Bg, and B, are the 
resultant inductions in the axes of the 
winding produced by all currents. Be- 
tween the inductions consists the relation! 


Bi=Bg cos y—B, sin y 


(6) 
By =Bg sin y+ By cos y 
where 
x 
y¥=-38 (7) 


Tr 


is the angle between the axes of phase I 
of the stator and phase I of the rotor. 
For the inductions Bz and B, the follow- 
ing equations hold 


Xm ,. : ss 
y= (igt+t1 cos y +1 sin y) 
w 


x 
aarp (igt+t1 cos y—t sin y) (8) 


brain wave was normal again in this area. 

(Figure 9.) Abnormal, slow-wave pat- 
tern obtained from a patient unconscious 
due to large blood clot on the brain. Ab- 
scesses and injuries to the brain can also 
be localized by this method. 

(Figure 10.) Changes in the electro- 
cardiogram and electroencephalogram oc- 
curring in a patient dying from cerebral 
hemorrhage. Electrical activity of the 
brain in this case ceased before that of the 
heart. 

(Figure 11.) Table of comparison of 
normal electrical pattern of muscle, heart, 
and brain. A normal muscle lives at the 
second level of no electrical activity ex- 
cept on stimulus. When a muscle “heats” 
rhythmically and continuously, it is a 
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diseased or dying tissue. The heart lives 
a normal life at this level of rhythmic dis- 
charge, and is abnormal when it depends 
on outside stimulus. The brain exists 
normally in the fourth level of continuous, 
arhythmic and asynchronous activity. 


Summary 


D.C. potentials are associated with 
static cellular life and are a product of 
metabolism. 

A.C. potentials are associated with 
many tissues controlling or responding to 
movement. 

Brain tissue is the most highly de- 
veloped and exists normally in a state of 
constant, irregular electrical activity. 


Liwschits—Torque of Asynchronous Machine 


With two new variables 


Iqg=t cos y+in sin 


(9) 


Ig= —1 sin y+in cos y 

the total torque of the machine will bel? 
T=Aw(Bgla—Bal,) (10) 
With 


x 
YOK rays tp Em ray. bE sin zt (11) 


and 
a=swt+z B=sw—z (12) 


the following four simultaneous differen- 
tial equations will be found after some 
conversions, 


Bul eos sut+5 cos pt— cos at) = 
—A(Bg8'+B,’)—Lia8'+1q')—nt, (1a) 
Pra( sin sot +S sin pt sin at) = 

A(Ba'— BB") +LiTa'—1g8")+nita (2a) 
Ejzqpsin (swt+6) =(1+7)ABg'’+ 


Aw 
— nBa—Lela'’—rIq (3a) 
Xm 


Ex,.cos (swt+6) =(1+72)ABy’+ 
Aw 
aim 12Bg— Lol g'’—r21q (4a) 


Xm 


II. The Torques 


A straightforward solution of the four 
equations is possible. For the four varia- 
bles has been found 


Xm A 
Ba=—-En 2a (a, cos swt—bs sin swt) — 
Aw 


€ 
= (au cos Bt— by sin Bt)— 
€o 3 
- (ag cos at—bg sin a) | (13) 


Xm ; 
By=—-En A (a sin swt-+b3 cos swt)— 


Aw 
€o P 
rs (ay, sin Bt+b cos Bt) — 


t 
= (ag sin at+bg cos x) | (14) 
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a= —Ez,\ (au cos swt—bdy sin swt) — 
€ 
2 (ai2 cos Bt—by2 sin Bt)— 
€9 5 
5 (a13 cos at — dy, sin «| (15) 
Iqg= ~B a (o sin Swt + dis cos swt) = 
€ 3 
5 (a2 sin Bt+b,, cos Bt) — 


€ 
5 (ay3 sin at+),3 cos a) | (16) 


where 
a 2 
re+(2) (1+ 12) x2%m 
= ts 
a 2 
[e4 
— Xm?2 
Ww 
NER E\ 
re+(®) X2? 
B 2 
re+(2) (1+ 72) x2%m 


[ht oa aS a ar a aR ee 
o+( se 


— Xm2 
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[oa race 
rot (®) Xo? 
Ww 


_ 122521472) X2%m 


Vy 
ro? $?x9? 


SXmPo 


a 
1227+ 52x97 
@=r+K(n cos 6—x1 sin 6) 


are +bsxe 


a= A 
r2?-+ (sxe)? 
a2=Xm+ (rive+x171) 


4142+ bibo 
> 


ay?+ b2? 

Zz 
@5=—(Xm+%x11) 

(2) 


G5 = 4304— dsb, 


a’=w+2 


a’ a’ 
a6=— Xm+\ nrotx1 =.) 
Ww w 


_& Sin 6—sx. cos 6 
a7=as+1+K — x : 
w 27+ (sx2)? 


_ U7 + beby 
ae? + be? 


B’ / 
a9=— Xm+ (rues fe m) 
w w 


_% sin 6—sx_ cos 6 
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@ 12? + (sx)? 
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The double-fed asynchronous ma- 
chine system 


Figure 1. 


1. Double-fed asynchronous machine 
9. Synchronous machine 

3, 4. D-c machines 

5. Synchronous machine 


__ agtio+bobro 

a ag? + bg” 

Gy. = Apa — biipa 

43 =<ds\1 — dsr. 

ro Sin 6—SxX»2 cos 6 
122+ (sx2)? 


b=sx.+K(n sin 6+ cos 4) 


Qy4= (A3r1— b3vo) ales 


Pee bro—asx2 
7% 122+ (sxe)? 
be = — (v1 — X12) 
ae bid2—ayby 
ant Q2?+ by? 
bn = 2 X1V2 
Ww 


bs = d3b4+b3a4 


B'=a-—32 


a! 
be = (ras ra ms) 
@ 


2 1r2cos 6 + sx sin 6 
br=bs—K —m— 
w 127+ (sxe)? 
abr — bear 
OS ee 
ag? + be" 


B’ 
by = =(rin—s =a) 
(9) 


2 12 COS 6+sx2 sin 6 
Rpt may eR EN 
q@ 12° + (sxe)? 


agh1o— boA10 
i. = ——$———— 
ag*+ bg? 
Dio = by + aiipe 
bis = Ash2+ Darr 


_ fo COS 6+sxX_ sin 6 


bis = (a3r2-++b3r1) —K 
ro? + (sx) : 


From equations 10, and 13 to 16 the 
torques of a m;-phase machine are 
Constant torque 


T= mE 11°Xm(a3b14— b3a14) watts (7) 


Damping torque 


1 
Ta=MEp\?Xm Oe [a3(b12+dis) — b3(@12+-ay3) + 
bis(dst+a) — dy4(bg+ bi1)] watt-sec (18) 


Liwschitz—Torque of Asynchronous Machine 


Synchronizing torque 
1 
Ts=mMmE 1°X%m 2 [@3(a12— 13) +3 (b12— bis) + 


a14(g— 411) + by4(bg— bi1)] watts (19) 


A simple expression for the constant 
torque has been given in a previous — 
paper.? ; 

While the torques of the synchronous 
machine depend on the angle 6 and the 
excitation, the torques of the double-fed 
asynchronous machine depend on the 
angle 5, the secondary voltage, and the 
slip. 

The derivations made above are valid 
when the synchronous machine (machine 
2, figure 1) is larger than the asynchro- 
nous machine, for example, when two or 
more asynchronous machines are con- 
nected in parallel to a single synchronous 
machine and the oscillation of one of the 
asynchronous machines is considered. 
In this case the secondary voltage can be 
assumed independent of the oscillation 
and proportional to the average slip 
(equations 3a and 4a). When the syn- 
chronous machine is of the same size as 
the asynchronous machine the change of 
the slip has to be taken into acount in the 
equations 3a and 4a. The results in this 
case become much more complicated 
than in the case considered. 


List of Symbols 


INDEX 1—STATOR—INDEX 2—ROTOR 


E, terminal voltage 


Pape 
En 

1, ideal core width 

L leakage coefficient 

m, number of phases of the stator 

NV number of turns per phase 

r resistance 

s slip 

x leakage reactance 

Xm reactance due to the main flux 

z angular velocity of the oscillation 

6 angle between primary and secondary volt- 

age 

v1 


Xo ; 
T1=—, 7T.=— leakage coefficients 
core oma 


Tp pole pitch 
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Synopsis: This paper grades several three- 
phase combinations of instrument  trans- 
formers and watthour meters under various 
conditions according to their approach to 
the best standard practice. The combina- 
tions are described and sources of uncer- 
tainty or of error are discussed. Diagrams 
are included to show the schematic connec- 
tions of the component transformers and 
meters, both separately and in combination 
and of the power systems to be metered. 


Introduction 


ROM time to time questions arise in 

regard to the accuracy of three-phase 
metering combinations of instrument 
transformers and watthour meters. A 
definite estimate of the accuracy to be 
expected can usually be made for a given 
installation if sufficient details are availa- 
ble. However, in many cases all that is 
required is an idea of the relative accuracy 
obtainable. To meetsuch situations, rela- 
tive accuracy under various conditions is 
here assigned to typical metering combina- 
tions now in use and to others sometimes 
proposed. These combinations are con- 
sidered principally from the instrument- 
transformer standpoint. Operating and 
metering difficulties sometimes encoun- 
tered with Y-connected potential trans- 
formers and the effects of various second- 
ary interconnections on the metering ac- 
curacy are discussed. Much of this dis- 
cussion applies to three-phase indicating 
wattmeters as well as to watthour meters. 

A summary of the paper is given in 
table I, wherein the relative accuracy is 
graded from A to E. Grade A is assigned 
to cases where the metering combination 
and the conditions of application repre- 
sent the best standard practice, which 
ordinarily embodies a close approach to 
the ideal. Three of the four power sys- 
tems included are classified as three- 
phase, three-wire. There are five instru- 
ment transformer combinations and three 
types of watthour meters: 2-element, 
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21/>-element, and 3-element, respectively. 
In each case, sufficient comments are in- 
cluded to make table I reasonably self- 
explanatory. Table I is supplemented by 
figures 1 to 4, which show the schematic 
connections of the different parts and also 
of six complete metering applications. 

It should be kept in mind that the ideal 
polyphase metering combination from 
the standpoint of accuracy is one that 
can be resolved into two or more com- 
ponent single-phase sections. Each sec- 
tion consists of one potential transformer, 
one current transformer, and one meter 
element. The instrument transformers 
can be checked for accuracy at any time 
and a portable single-phase indicating 
wattmeter or a watthour-meter standard 
can be added to the secondary meter cir- 
cuits. Thus the accuracy of the poly- 
phase combination can be verified to the 
satisfaction of any legal authority from 
the summation of two or more sets of 
single-phase results obtained simultane- 
ously. For the highest accuracy, com- 
plete single-phase sections should be used 
as standards entirely separate from the 
polyphase combination. However, the 
accuracy obtainable with either method 
will not be uniform over wide ranges of 
power factor or load. 


Power Systems 


THREE-PHASE THREE-WIRE SYSTEMS 


These systems may be classified ac- 
cording to the treatment of the system 
neutral. Systems with isolated neutral 
(figure la) or with a ground at one neu- 
tral point only (figure 1b) are common 
and require no special comments. Or- 
dinarily it is immaterial from the meter- 
ing standpoint whether the neutral is iso- 
lated or is grounded at one point either 
solidly or through low or high impedance; 
a ground-fault neutralizer (Petersen coil) 
constitutes an example of a high-imped- 
ance ground. Separate classifications 
for the two systems are justified, since 
single-phase loads could be connected 
between any line and ground with single- 
grounded neutral systems, particularly if 
the neutral is grounded through a low 
impedance, whereas such loading is not 
possible with isolated-neutral systems. 
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For systems grounded at but one neutral 
point, it is assumed that there will be no 
line-to-ground loads. 

Systems grounded at more than one 
neutral point (multiple grounds—figure 
1c) in the manner shown probably should 
be considered as three-phase, four-wire 
systems, even if not so classified, not only 
because single-phase loads could be con- 
nected between any line and ground as 
just pointed out, but particularly because 
such loads can now be applied through 
the Y-Y-connected power transformers. 
These transformers often are provided 
with tertiary windings for closed-delta 
connection to take care of the triple 
harmonics in the exciting currents. 


THREE-PHASE, FoUR-WIRE SYSTEMS 


This classification applies to systems 
having four metallic conductors (figure 
1d). Such systems also are common and 
usually supply single-phase loads con- 
nected between any line and the neutral 
in addition to three-phase, three- or 
four-wire loads. The system neutral may 
or may not be grounded at one or more 
points. 


Instrument Transformers 


The principal functions of instrument 
transformers are to insulate low-voltage 


aed 


. $3 
alae 
4 
eae) 
2 
= aA 
| ech) 


ai 
16) 


Figure 1. Three-phase power systems 


Three-phase three-wire with 
(a) Isolated neutral 

(b) One neutral ground 

(c) Multiple neutral grounds 


Three-phase four-wire 
(d) With or without neutral ground 
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measurement devices from dangerous-to- 
life line voltages and to act as multipliers 
for them. In the instrument transformer 
combinations under consideration (figure 
2), the current-transformer primaries are 
connected in the proper lines and their 
individual secondaries supply individual 
meter-current circuits. On the other 
hand, the potential-transformer prima- 
ries are connected either line-to-line or 
line-to-neutral, so their individual second- 
aries either supply individual meter poten- 
tial circuits or constitute part of a net- 
work, 

The currents and voltages obtained 
from the secondaries of instrument trans- 
formers usually represent the correspond- 
ing primary quantities with acceptable 
accuracy without making corrections for 
the respective ratio and phase angle er- 


gy st) 1 
(a) (b) ( 


Primaries of two current transformers and; (a) 
Primaries of three current transformers and; (c) 
three potential transformers in wye; (e) 


three potential transformers in wye. 
potential transformers in open delta; (d) 


line-to-neutral voltages may become very 
badly distorted and the neutral point, in 
effect, may even get outside of the sup- 
ply-voltage triangle due to switching 
surges.) 


.Watt-Hour Meters 


Two-ELEMENT METERS (FIGURE 32) 


These meters have two separate driv- 
ing elements, which may act either on 
separate disks mounted on a common 
shaft or on different segments of the same 
disk. Such meters are standard for 
three-phase, three-wire systems. 


Two-AND-ONE-HALF-ELEMENT METERS 
(FIGURE 3b) 


These meters also have two separate 
elements but each set of current coils is 


2 a Figure 2. Instru- 
TRANSFORMERS 
Serene > ment - transformer 
gm es combinations _ for 
three-phase systems 
CURRENT 
We gee 
(e) 
two potential transformers in open delta; (b) 


two 
two 


potential transformers in part wye. 


(a), (b), (c), (d) For three-phase, three-wire systems; 


rors, but such corrections for either the 
actual or the ‘‘average’”’ characteristics 
frequently can be applied when neces- 
sary. Several exceptions to these state- 
ments are discussed under ‘Metering 
Considerations” but some of a more gen- 
eral nature are mentioned here. Thus for 
the case of three potential transformers 
connected closed-delta-delta, the normal 
unit characteristics may be considerably 
altered because of a fairly large circu- 
lating current in the windings resulting 
from small differences between the units. 
However, line-to-line connected poten- 
tial transformers are, in general, much 
freer from various’ disabilities than Y- 
connected potential transformers. 

For the latter, the three line-to-neutral 
voltages with isolated primary neutral 
may contain appreciable triple harmonics 
due to the suppression of such harmonics 
in the respective exciting currents; this 
distortion actually may cause an errone- 
ous voltage indication, to say nothing 
about rendering normal transformer cor- 
rections of doubtful value. If the primary 
neutral is grounded, but if the system 
neutral is ungrounded either permanently 
or temporarily, the potential transformer 
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(d), (e) for three-phase, four-wire systems 


divided into two equal, separate sections. 
One section and the corresponding poten- 
tial coil of one element are supplied from 
one system phase and the other similarly 
arranged element is supplied from a sec- 
ond system phase somewhat like a 
straight 2-element meter. Current: from 
the third system phase flows in a re- 
versed direction through the two extra 
meter current-coil sections in series and 
thus reacts with the voltages of the other 
two system phases applied to the two 
meter potential coils. The vector sum of 
these two phase voltages usually equals 
the voltage of the third phase, so it is 
evident that the “!/,-element” then oper- 
ates correctly but with a synthetic in- 
stead of an actual third-phase voltage, 
However, this vector sum does not al- 
ways correctly represent the third-phase 
voltage and under such conditions the 
“1/.-element”’ registration will be in 
error; of course, it contributes but one- 
third the torque and its error but one- 
third the effect in a balanced system. 
These meters also are known as 2- 
element meters with split current coils. 
They are standard for three-phase, four- 
wire systems when the three voltages are 
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approximately balanced and are used to 
avoid the extra potential transformer, 
wiring, and expense required for a 3-ele- 
ment meter. 


TuHREE-ELEMENT METERS (FIGURE 3¢) 


These meters have three separate ele- 
ments which are supplied from the three — 
phases of a three-phase, four-wire system 
for which they are standard under all 
conditions of load and of voltage balance. 
The meters are entirely satisfactory for 
three-phase, three-wire systems having 
one or more neutral grounds. 


Metering Considerations 


SINGLE-PHASE METERING 


The metering of a single-phase system 
will serve as an introduction to the meter- 
ing of polyphase systems. A single-phase 
system requires one potential transformer, 
one current transformer, and one watt- 
hour meter. Certificates for the two in- 
strument transformers will give the re- 
spective ratio correction factors to within 
0.1 per cent and the phase angles to within 
three minutes. The watthour meter can 
be adjusted to be correct within say 0.3 
per cent over a medium load range. Thus 
an overall accuracy within 0.5 per cent 
over such a load range near unity power- 
factor could be expected, even if the er- 
rors were all in the same direction, which 
would be most unusual. Better accuracy 
can be obtained at a definite and fairly 
steady load point by taking the average 
of a large number of observations on a 
high-grade portable indicating wattmeter, 
which can be checked to within 0.15 per 
cent over the upper part ofits scale. Ona 
similar basis, an overall accuracy within 
0.385 per cent could be expected under 
this condition. 

The single-phase metering combina- 
tion just described represents the simplest 
case, where the corrections determined 
for the individual parts can readily be 
combined algebraically and an estimate 
made of the best accuracy obtainable. 
Since a polyphase power system consists 
in effect, of two or more out-of-phase 
single-phase systems, it should be obvious 
that the highest accuracy can be obtained 
only if single-phase metering conditions 
are maintained. This accounts for long- 
standing cautions against some ‘‘second- 
ary interconnections”’ in polyphase meter- 
ing circuits. 


THREE-PHASE THREE-WIRE METERING 


Applying this idea to a three-phase, 
three-wire, ungrounded system, two cur- 
rent and two potential transformers and 
two single-phase watthour meters would 
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Table I. Relative Accuracy 


Neutral 


ee a Se eee ee 
Pot. Trans. Connections Accu- 

c i ' 
ase System Pri. Sec. Meter Pot. Trans. Meter Comments id Grane 
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-Phase 3-Wire Systems 
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3-Phase 4-Wire Systems 


3-element meter—3 current transformers—3 potential transformers 


LG so. fpr oS. os Wisc. fer. oe, Gros Gro -¥ oes. Wide oes Best standard prac-...—..... A 
BIA <i , tice 

2-element meter—3 current transformers—2 potential transformers 

UES Ce) fa ee Teena fers Or er Gea / N.S 2. PINS. ce Standard practice..... ‘AF cia B 
Notes: L/N=line-to-neutral; Iso./gr.=isolated or grounded. 


*Figure la. 
epee 1b—it is assumed that there will be no line-to-ground loads. 
Multiple grounds—figure 1c—these 3-phase, 3-wire systems probably should be considered as 3-phase, 


4-wire systems and provision made for metering correctly single-phase loads connected between any line and 


neutral or ground. 


tIn cases 16 and 17, the potential-transformer and system neutrals are tied together; 
may either be isolated from ground (figure 1d) or grounded at one or more points. 


ments on the 2!/2-element metering combination. 


be required and these would constitute 
two separate, single-phase metering cir- 
cuits. Of course, such separate metering 
circuits are quite unusual, except for 
special tests. The meters are slightly 
handicapped by the fact that a phase dis- 
placement of 30 degrees exists between the 
line-to-line voltages and the line currents 
(at unity power factor). 

Thus for case 1 in table I (figure 4a), 
the first ‘‘secondary interconnection” 
occurs in the substitution of a 2-element 
polyphase watthour meter for the two 
single-phase meters, which necessitates 
an average correction for the instrument- 
transformer and meter-element errors. 
Other interconnections occur in the sub- 
stitution of three secondary leads for four 
both for the current transformers and for 
the potential transformers. This tends to 
complicate the ratio and phase-angle 
tests, particularly if the secondary eS 
are long. 

For balanced systems, the secondary 
current in the common lead will equal 
those in the other two leads, but will be 
120 degrees out of phase with them and 
the resulting additional common burden 
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the system neutral 
See text for further com- 


for the two current transformers must be 
allowed for in making up the respective 
test burdens. If this common burden is 
large due to a long lead or to measure- 
ment or protective devices connected in 
series therewith, it will be necessary to 
know the phase sequence of the power 
system, as well as the actual phases in 
which the current transformers are con- 
nected in order to test them properly. 
For two equal potential-transformer 
burdens, the current in the common po- 


tential lead will be V3 times those in the 
other two leads and 30 degrees out of 
phase with them; neglecting the voltage 
drop in the leads may cause appreciable 
errors in the ratio and phase-angle re- 
sults. Further complications occur if a 
burden is connected across the open delta 
(third phase without potential trans- 
former); even if its power factor is unity, 
it imposes its full voltamperes at 0.5 
power factor on both potential transform- 
ers, leading in one case and lagging in the 
other, thus again making it necessary to 
know the phase-sequence of the power 
system and the connections of the indi- 
vidual transformers thereto: the impor- 
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Figure 3. Polyphase watt-hour meters 


(a) Two-element for three-phase three-wire 
systems 


(b) Two-and-one-half-element for  three- 


phase four-wire systems 


(€) Three-element for three-phase three- 
or four-wire systems 


tance of this proceeding increases with the 
magnitude of the burden. Somewhat 
similar considerations apply when double 
autotransformers are used to shift the 
phase of the potential transformer volt- 
ages to supply var- or voltampere-hour 
meters, since the net effect is to change 
the burden distribution. Interconnected, 
low-power-factor burdens sometimes have 
surprising effects: when two potential 
transformers supply such Y-connected 
burdens, not only does one transformer 
supply all the energy necessary, but it also 
tends to excite the other transformer sec- 
ondary winding! This undesirable effect 
increases with the magnitude of the bur- 
dens and may be overcome by adding 
suitable non-inductive burdens. 

In spite of the various uncertainties 
just outlined, some of which are inherent 
in the case 1 metering combination, satis- 
factory accuracy is usually obtained. A 
similar statement applies when the power- 
system neutral is grounded at one point 
only as in case 2.* Thus the highest rela- 
tive accuracy—grade A—is assigned to 
cases 1 and 2. 

A much greater degree of uncertainty 
exists when three Y-connected potential 


*Case 3 and others involving grounds at more than 
one power-system neutral point are discussed 
under ‘‘Three-Phase, Four-Wire Metering.” 
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Figure 4. Schematic connections of three- 
phase metering combinations (cases outlined in 


table I) 


(a) Case 7 (figures 1a, 2a, 3a) 
(b) Case 5 (figures 1b, 2b, 3a) 
(c) Case 8 (figures 1b, 2c, 3c) 
(d) Case 17 (figures 1b, 2d, 3c) 
(e) Case 15 (figures 1c, 2d, 3c) 
() Case 17 (figures 1d, Qe, 3b) 


transformers are substituted for two con- 
nected open delta to supply the two po- 
tential circuits of a 2-element meter as in 
cases 4 and 5 (figure 4b). Here it is im- 
possible not only to allocate properly the 
three individual potential transformer cor- 
rections, which may differ slightly, but 
also to resolve the combination into com- 
ponent single-phase metering circuits, 
which is much more important. The 
three line-to-neutral transformer voltages 
will be distorted (peaked) if the primary 
neutral is isolated and may be distorted 
if it is grounded with system neutral iso- 
lated, as was pointed out under ‘‘Instru- 
ment Transformers.’’ However, the 
secondary line-to-line voltages applied 
to the two meter circuits will not be dis- 
torted, assuming sine-wave supply volt- 
ages. The uncertainty necessitates as- 
signing a considerably lower relative ac- 
curacy—grade C—to cases 4 and 5, 
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A similar indeterminate situation exists 
when two open-delta connected potential 
transformers are used to supply the three 
Y-connected potential circuits of a 3- 
element meter as in cases 7 and 8 (figure 
4c), which is sometimes recommended 
for low-power-factor loads on three- 
phase, three-wire systems. Here the 
three line-to-neutral meter voltages are 
somewhat distorted due to the suppres- 
sion of the triple harmonics in the excit- 
ing currents. Such distortion will not 
occur if the inductive meter circuits are 
replaced by noninductive wattmeters. 

The foregoing situation is not im- 
proved by the substitution of three Y- 
connected potential transformers for the 
two in open delta, if the two secondary 
neutral points are not connected as in 
cases 10 and 11 (figure 4d). Here again 
as in cases 4 and 5, the three line-to-neu- 
tral transformer voltages will be distorted 
if the primary neutral is isolated and may 
be distorted if it is grounded with system 
neutral isolated, but the secondary line- 
to-line voltages applied to the Y-con- 
nected meter circuits will not be distorted 
with a sine-wave supply. 

The indeterminate features of cases 10 
and 11 are partly overcome by connect- 
ing the potential-transformer-secondary 
and meter-potential-circuit neutral points 
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as in case 13. However, the three line-to- 
neutral voltages may be distorted and 
potential-transformer-neutral instability 
may result as with similar neutral condi- 
tions in cases 4 and 10, due to the at- 
tempt to ground the power system 
through the potential transformers. Be-_ 
cause of this, case 13 is assigned relative- 
accuracy grade C also. 

Grounding the power-system neutral 
at one point as in case 14 translates case 
13 into standard practice. Case 14 
closely approaches the ideal of compo- 
nent single-phase metering sections men- 
tioned in the ‘‘Introduction.”” The eight 
secondary leads (as in figure 4¢) are prac- 
tically equivalent to twelve, since the cur- 
rents in the two common leads normally 
are negligible. Three single-phase watt- 
hour meters may readily be added for 
verification purposes and each meter or 
meter element operates at the same power 
factor as that of the load in its respective 
phase, which is particularly advantageous 
at low power factors. This favorable 
condition does not exist with balanced 
three-phase loads in cases 1 and 2; how- 
ever, these are entitled to share relative- 
accuracy grade A with case 14 for most 
applications. 


THREE-PHASE FOUR-WIRE METERING 


A 3-element meter with three current 
and three potential transformers as in 
cases 14, 15 (figure 4e) and 16 is standard 
both for three-phase, three-wire systems 
with at least one neutral point grounded 
and for three-phase, four-wire systems. 
Relative-accuracy grade A is assigned to 
this metering combination. Three-phase, 
three-wire systems with multiple neutral 
grounds are equivalent in many respects 
to three-phase, four-wire systems, even 
if not so operated with single-phase loads 
connected between any line and the neu- 
tral ground. 

A 2'/,-element meter with three cur- 
rent and two potential transformers as in 
case 17 (figure 4f) is standard for the usual 
condition where the three line-to-neutral 
voltages of the three-phase, four-wire 
system are fairly well balanced; relative- 
accuracy grade B is assigned to this me- 
tering combination. 

Although designed primarily for three- 
phase, four-wire systems, it should be 
evident from a consideration of cases 16 
and 17 that the 2!/,element metering 
combination can be substituted for the 3- 
element metering combination in cases 
14 and 15. Relative-accuracy grade B 
would then be assigned unless the system- 
neutral grounds are effected by means of 
ground-fault neutralizers; the line-to- 
neutral voltages may then be consider- 
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Impulse Strength as a Measure of Cable 
Quality 
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Synopsis: Testing cables by means of the 
impulse generator, originally developed for 
use in studying the effect of lightning on 
cables, is becoming recognized more and 
‘more as a useful method for determining 
cable quality. It is felt that the amount of 
f data accumulated during the past ten years 
is sufficiently large to be used in formulating 
a theory concerning the factors governing 
the impulse strength of cables. It is indi- 
cated in this paper that maximum rather 
than average stress should be taken into ac- 
count when impulse test results are evalu- 
ated, since the maximum stress at break- 
down is a measure of the quality of the in- 
sulation alone. This view is contrary to 
that generally accepted in this country al- 
though some workers in this field abroad 
have accepted this theory for some time. 


Introduction 


HE Detroit Edison Company has in 

the past sponsored a number of tests 
to determine the impulse strength of vari- 
ous types of cable in relation to other elec- 
trical equipment. Results of some of 
these tests on ‘“‘solid-type’”’ impregnated 
paper (24 and 4.8 kv) and varnished cam- 
bric (4.8 kv) cables were published by 
McCabe!” from time to time. About two 


ably unbalanced due to unequal capaci- 
tances to ground of the three line conduc- 
tors. Under this condition, the 3-element 
metering combination should be used. 
Of course, the straight 2-element metering 
combination (case 2) may be used for all 
such three-phase, three-wire systems if 
the single-phase loads to neutral are 
negligible or if these loads are balanced. 
The limitations just placed on the ap- 
plication of 2-element metering combina- 
tions are important. In cases 3 and 6, 
for example, a load connected between the 
line without current transformer and 
ground would not be metered at all and 
the meter voltages would not have the 
proper magnitude or phase for loads con- 
nected between the other two lines and 
ground; this accounts for the low rela- 
tive-accuracy grades D and E, respec- 
tively. The grade C accuracy assigned 
to the 3-element metering combination 
in cases 9 and 12 is due to its being in- 
determinate and not to the possibility of 
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years ago the scope of these tests was en- 
larged to include various types of impreg- 
nated paper insulated cables proposed for 
extra-high voltage service as no impulse 
test data were then available on such 
cables. Held and Leichsenring’ and 
Foust and Scott‘ have since published re- 
sults of impulse tests on oilfilled cables. 
Oilfilled, oilostatic, compression, and 
gas-filled (Beaver) cables were in commer- 
cial use two years ago at voltages above 
those recommended for solid type cables. 
As gas-filled cable was not on hand, oil- 
filled, oilostatic, and compression cables 
having equal insulation thicknesses, were 
tested. The results of these tests indi- 
cated that maximum rather than aver- 
age stress determines the impulse strength 
of the cable. In order to verify this 
statement, tests were made on solid type 
cables of various conductor diameters, 
conductor surfaces and insulation thick- 
nesses, and on low gas pressure cables. In 
computing average stresses at breakdown 
on the solid type cables, no definite corre- 
lation could be established between these 
data and the quality of the insulation as 
observed by examination of the samples. 


incorrectly metering single-phase loads 
to ground. 

In the foregoing discussion, the term 
“indeterminate” has been used to de- 
scribe conditions where it is impossible 
to resolve the metering combination into 
component single-phase sections and thus 
to allocate instrument-transformer and 
meter corrections definitely. Although 
it need not be assumed that ‘‘indetermi- 
nate” is synonymous with “inaccurate,” 
arguments advanced as to the correctness 
of such a metering combination may 
sound unconvincing. It should be em- 
phasized that all important metering in- 
stallations are at all times subject to veri- 
fication or checking when questions arise 
in regard to their correctness. 


Conclusions 
A general idea of the performance to be 


expected from several three-phase meter- 
ing combinations under various condi- 
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On the other hand, when maximum stres- 
ses at breakdown were computed, values 
were obtained that showed pronounced 
increase with improving insulation, reach- 
ing a constant maximum value at the best 
obtainable impregnation. Further tests 
on oilfilled cables showed that uniformity 
of taping as determined by the Mildner 
diagram affects the maximum stress at 
breakdown in a similar manner as does 
the degree of impregnation. This cor- 
relation is a strong indication of the sig- 
nificance of the maximum stress as the 
criterion of quantitative breakdown. 


Previous Work 


No universally accepted theory has 
been proposed that would allow the com- 
putation of the impulse breakdown volt- 
age of a cable of known construction de- 
tails and known insulation qualities. A 
study of the published data on impulse 
tests of cables, however, permits the 
drawing of conclusions concerning cer- 
tain factors that influence the impulse 


strength. 


Paper 41-131, recommended by the AIEE com- 
mittee on power transmission and distribution, 
and presented at the AIEE summer convention, 
Toronto, Ontario, Can., June 16-20, 1941. Manu- 
script submitted April 8, 1941; made available for 
preprinting May 14, 1941. 


L. I. Komrvss is with The Detroit Edison Company 
Detroit, Mich. 


The author wishes to extend his thanks to A. 
Gemant, F. M. Hull, and J. Sticher of The Detroit 
Edison Company for their collaboration and con- 
structive criticism. 


1. For all numbered references, see list at end of 
paper. 


tions is conveyed by the relative accu- 
racy assigned thereto in table I. Among 
the many cases included, it should be 
possible to find examples approximating 
other cases sometimes used or proposed 
and thus permit grading them also. From 
the accompanying discussion, it should be 
evident that in cases where grade A is as- 
signed to the metering combination, very 
satisfactory accuracy can be obtained if 
appropriate secondary connections are 
used and if the instrument-transformer 
corrections are properly applied. 
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(a). 

Held and Leichsenring* and Busse and 
Vogel’ established that the use of denser 
papers results in higher impulse strength ; 
and that temperature of the cable during 
the tests, provided the limits do not ex- 
ceed those of commercial operation, does 
not measurably influence the impulse 
strength.’ By inference, the latter signi- 
fies that the viscosity of the impregnating 
compound (which decreases as the tem- 
perature increases) has also a very limited 
effect on the impulse strength. Whether 
“straight’’ mineral oil is used to impreg- 
nate the cable or a mixture of mineral oil 
and rosin, appears to have no effect on the 
impulse strength of the cable. The degree 
of impregnation at a given temperature, 
however, seems to have a very decided ef- 
fect.1 That service aging of solid-type 
cables, which generally results in a de- 
crease of the degree of impregnation, will 
also result in a proportional decrease of 
impulse strength is indicated? but this re- 
quires further study. 


(b). GEOMETRY OF CABLE AND SURFACE 
OF CONDUCTOR 


Qua.ity OF INSULATION 


The effect of conductor diameter (mini- 
mum radius) and conductor surface ap- 
pears to have influenced the results of 
several workers. For instance when spe- 
cially constructed copper conductors hav- 
ing the same diameter and smooth outer 
surface were used, the number of vari- 
ables was reduced to stich an extent that 
from the results obtained it was possible 
to disprove the theory still generally ac- 
cepted in this country, that thinner in- 
sulation possesses a comparatively higher 
impulse strength.’ Tests on cables with 
sector shaped conductors disclosed the 
fact that 80 per cent of the failures were on 
the “shoulder” (minimum radius of the 
conductor) of the sector.1. The same au- 
thor reports that strand-shielding im- 
proves the impulse strength consider- 
ably.2 Davis and Eddy found that the 
impulse strength of rubber in sheet form 
is approximately 50 percent higher than 
that of rubber cable insulation of the same 
wall thickness.® 


(c). 


Schneeberger,” in discussing the effect 
of polarity of the impulse wave on the im- 
pulse strength of a cable, indicated that 
when a positive wave was used, the 
breakdown value was 20 percent lower 
than with a negative wave. Later reports 
contradict this finding. One author has 
found no difference in oilfilled cables but 
in solid cables the impulse strength, 
using a negative wave, was from 5 to 13 
percent lower than when a positive wave 


POLARITY OF THE IMPULSE WAVE 
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was used.* Another paper states that the 
authors found no difference in impulse 
strength due to variations in the shape 
and polarity of the impulse wave.® 

In view of the above data, no definite 
conclusion can be drawn in regard to the 
effect of the polarity of the impulse wave 
on the impulse strength of the cable. For 
this reason, small variations in absolute 
values reported by various authors may 
exist, but the relative rating of the indi- 
vidual samples will probably still remain 
the same, 


Method of Test and 
Testing Equipment 


Engineers of The Detroit Edison Com- 
pany favor the impulse testing of electri- 


cal apparatus with a negative wave be- 
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Figure 1. Impulse terminal assembly for high- 


voltage surge test 


cause field testing has shown the preva- 
lence and greater importance of nega- 
tive lightning strokes in connection with 
transmission line outages. A method of 
testing with sufficiently high potential 
surge to obtain breakdown with one 
surge is also favored for reasons of simu- 
lating conditions in the field. All tests 
described in this paper, therefore, were 
made with negative wave and attempts 
were made to obtain breakdown with one 
surge. 

The impulse generator used has been 
previously described.!' For these tests 
additional condensers were used in series 
and both ends of the cable were encased in 
terminals built to withstand 1,000 kv and 
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20 Figure 1 shows the ter- 
minal assembly. Figure 2 shows the 
method used in connecting the cable to 
the impulse generator. Figure 3 is an 
oscillogram of the incident wave (approxi- 
mately 0.0524 microsecond) with the 
cable disconnected, and figure 4 is a typi- 
cal wave recorded during breakdown of 
sample J1. It should be noted that the 
steepness of the wave front is somewhat 
lessened when the cable is connected to 
the generator. 


Presentation of Results and 
Description of Samples 


The results of the impulse tests which 
form the basis of this paper, are graphi- 
cally illustrated in figure 5, and complete 
data are supplied in tables I and II. 


_ represents minimum values of groups of 


measurements. 

Pertinent information regarding the 
Detroit samples is given in the following: 

Samples Al, A2, J1, and J1 were solid 
type, single-conductor cables. The A 
samples had a small conductor and thin 
insulation. Sample J1 had a conductor 
diameter similar to that of samples £1 to 
E4 (compression and oilostatic) but an 
insulation thickness almost twice as great 
(170%). Sample J1 had a large conduc- 
tor diameter similar to that of samples F1, 
F2, Gl, G2, H1, and H2 (oilfilled) but 
greater insulation thickness (130 and 
111% respectively). 

Samples Bl, B2, B3, B4, BS, and B6 
were low gas pressure, three-conductor, 
sector, shielded, 27.6-kv cables. Samples 
Bi, B2, and B3 represent three conduc- 


Table | 
Tested in Detroit 


Break- 
Bt aah res ore Qual. Degree 
olt. Vg. ax. of of 
No. Cable S w. R, n. Kv V/Mil V/Mil_ Taping Impr. 
4g} cr Solid ...145...156... B01........ Petes ee tae eg aes 
; 2 Reey Pee O soc Fair ..Fair 
Bi Sess Solid ...167...240... 407.. { acacets \ 280 Aa70. d ee .Very good. . Very Itd. 
eh3 ee AG) 
B3 
Ae Low gas \ 167 24 . “‘Compack”’ 300 . 1,250. . 2,010 
t| { ceokh 240... 407.. { irae } a “4,810. : eine Very good. . Very Itd. 
7a Be ety LOO 
_ 335 .1,400. . .2,250 
380 .1,350.. . . 2,390 
: . Com k \ ; pA 
C2\....Solid ...151...281... 432.. | ee 390 ..1,390.. .2,450¢ Very good. . Very good 
cs 400 1,425... .2,520 
D1 480 1,840 3,060 
Bea: Solid # rang 16683,2.2 7,.{Strand)..... ey Sav ‘3. 
Dat Soli 166 OL a A2T 7s res \ i ste 3.000 {Very good. .Very good 
5 24,015 oso, 
” hh Comoe (570 1,475... Bey 
a ae ilost. 9 = 580 ..1,500 . 3,060 os 
eee Cainpr 290. . .386. BiGesecces > be ae 585 ..1.515. . .3,080 Very good. . Very good 
[ot See Compr* [630 . 1,630, . .3,320 
Fl Oil- RAD 98 i 730 1,890. . .3,250 2 
ie ey .. 542. ..386. 928. a pe 2010 “Bas0 | Very good. . Very good 
G1 590 1,310. . .2,360 
Gel soil Ay antl ap te \eso 1'610...2720} Very izr. ..Very good 
4. . 450 ee Sac Se eg! VRAD. 
H1 filled 820 ..1,820...3,280 
H2 | g05%* 1.835. . .3,300 } Very good. . Very good 
ig tee Solid 340...656... 996.... AO} RR ee fl G08 2,700 ek ait sad ait 
ULE ox ts Solid Sere sO tS LAST lec gene CE a a ais oO 1,660. ..2,980....Fair .. Fair 


*Without pressure. 
**No failure. 


r. Minimum radius of conductor, mils. 


This chart was compiled to show break- 


down voltage and maximum stress at 


breakdown, for all the samples tested in 
Detroit as well as those tested elsewhere, 
when sufficient data were available. 
It should be noted that the Detroit 
samples are designated by a letter and a 
number, each letter representing a cable 
and each number an individual measure- 
ment on a sample of the cable. The data 
published by Foust and Scott,* is repre- 
sented by the same numbers the authors 
used in their paper. Number 34 refers to 
the paper cable sample used by Davis and 
Eddy® and numbers 35 to 40 represent 
the Held and Leichsenring samples.* It 
should be noted that this latter group 


OcTOBER 1941, VoL. 60 


w. Thickness of insulation. 
R. Minimum radius over insulation. 
n. Number of strands in outer layer. 


tors of one section and samples B4, B5, 
and B6 the three conductors of another 
section of the same cable. Ten complete 
failures were observed in the six samples, 
seven of which were at the “‘shoulders”’ of 
the sector. 

Samples C1, C2, C3, D1, D2, and D3 
were solid type, three-conductor, sector, 
shielded, 24-kv cables. The C samples 
represent the three conductors of one 
cable, while the D samples are the three 
conductors of another cable. The two 
cables were identical except for the 
strand-shielding with semi-conducting 
tapes employed in the latter group. The 
manufacturer who made these cables used 
the same type of paper, same taping ma- 
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Figure2. Impulse-generator wiring diagram 
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Figure 4. Typical breakdown wave 


chine, impregnated the two cables in the 
same tank, and lead covered both on the 
same day. Therefore, except for the 
strand-shielding, there should be no other 
variables. | Failures in all six samples oc- 
curred at or near the ‘‘shoulder” of the 
sector. 

Samples £1, £2, E3, and H4 were taken 
from the same oval-shaped, single-conduc- 
tor cable. Samples F1 and £3 were tested 
in a steel pipe containing nitrogen under 
200 psi (compression cable). #2 was 
tested as an oilostatic cable, that is, the 
armoring and lead sheath were removed, 
and the pipe that contained the cable was 
filled with oil under 200 psi. 4 was 
tested without the application of pres- 
sure; in other words, as a solid type cable. 
All four samples failed near the major 
axis of the oval conductor. Figure 6 
shows the Mildner-diagram of cable E. 

Samples F1, F2, G1, G2, H1, and H2 
were taken from three single-conductor 
oilfilled cables made by three manufactur- 
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Figure 5. Graphical illustration of results 


ers, respectively. All six samples were 
tested under an oil pressure of ten psi. 
The F samples were taken from a cable 
which was under accelerated aging test for 
eight years and which had the same insu- 
lation thickness as samples E1 to E4 (com- 
pression and oilostatic). Cable G which 
had never been in service, was identical 
in conductor size and shape, insulation 
thickness, etc. to cable H, made by a dif- 
ferent manufacturer and which was 
under accelerated aging test for a short 
time. Figure 8 shows the Mildner-dia- 
gram of cable G and figure 7 of cable H. 


Discussion of Results 


Among the 26 samples tested in De- 
troit, Al, A2, I1, and J1 were single con- 
ductor, solid type cables, each having a 
standard stranded, round, copper conduc- 
tor. Since the taping and impregnation 
were approximately the same for the 
four samples, they offer a basis for com- 
parison of geometrically different con- 
structions. Tabulating the average stres- 
ses at breakdown discloses a ratio of 1.43 
between maximum and minimum values. 
Calculating on the basis of maximum 
stresses after correcting for stranding, 
yields a ratio of 1.11. This is clearly an 
indication that maximum rather than 
average stresses determine the breakdown 
voltage. 

Further indication of the correctness of 
this theory is obtained in considering an- 
other group of three cables of equal insu- 
lation characteristics, namely samples F4, 


932 TRANSACTIONS 


Ss 
BREESE 


ani 
Ee CECE EEE 
Bunny GSuRELONEED PP scieirssnttessats| J 


1000 


Fl, and F2. Both cables from which 
these samples were taken had the same 
insulation thickness, uniform taping, 


PERCENTAGE 
OF CASES ' 


u 
& 
‘ 
» 


1100 


Figure 8. 


30 Y 
ae 
Be .h 
7 
® ol WY 
(0) 40 60 80 100 


20 
PERCENTAGE OF OVERLAY ,. 


Figure 6. Méildner diagram of 
cable E 
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Figure 7. Mildner diagram of 
cable H 
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Mildner diagram of cable G 


and high degree of impregnation, but and examined. The cables from which 
cable F had a conductor diameter very these samples were taken, were identical 
much larger than that of cable E. The i, dimensions and, both being oil-filled, 
ratio of average stresses of cables E and F possessed the same high degree of im- 


was 1.2 in favor of cable F. The ratio of 
maximum stresses is, on the other hand, 
ILL. 


pregnation. 
each other in only one respect, i.e. in the 
degree of uniformity of taping which 


The samples differed from 


Having considered two different groups —_ again was manifested in much lower maxi- 
of cables separately, comparison of the mum stress at breakdown (23 percent) for 
two groups in relation to each other will the samples with inferior taping. 
now be made. The maximum stresses of The importance of the degree of im- 


the first group vary from 2,660 to 2,980  pregnation without the disturbing in- 


volts per mil, whereas the corresponding 


fluence of variations in taping is demon- 


values for the second group are 3,250 to strated when the results of tests on the 


3,450 volts per mil, the averages of the 
two groups being 1.21. Visual examina- 
tion of the samples indicated that those in 
the first group exhibited a lesser uniform- 
ity of taping and a lower degree of im- 
pregnation than samples in the second 
group. Thus it can be concluded that the 
maximum stress, which has been sliown 
to be independent of the geometry of the 
construction, depends solely upon the 
quality of the insulation, as measured by 
the uniformity of taping and the degree of 
impregnation. 

Further and more specific proofs of 
this statement are supplied by results of 
tests on other groups of cables. The in- 
fluence of taping and that of impregna- 
tion will be considered in separate para- 


low gas-pressure cable, samples B1 to B6, 
are examined and compared with the re- 
sults of tests on a well-impregnated solid- 
type cable, samples Cl to C3. Both types 
of cables contained sector shaped conduc- 
tors having nearly equal minimum radii 
(167 and 151 mils, respectively) at the . 
“‘shoulders,”’ 
employed, 
equally smooth surfaces; and the taping 
was equally uniform. The less complete 
impregnation in the low gas-pressure 
samples, therefore, appears to be respon- 
sible for the 15 percent decrease in maxi- 
mum stresses. 

The smoothness of the electrode sur- 
face has for some time been known to 
influence the impulse flash-over values in 


“compack”’ stranding was 
producing approximately 


graphs. . ; gases and liquids. How much practical 
The best evidence in regard to the in- importance should be attached to smooth- 


fluence of the quality of taping on the im- 
pulse strength of cables was supplied when 
samples Gl, G2, H1, and H2 were tested 
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ing of the conductor surface in cables is 
indicated by comparing samples Cl to C3 
(“compack”’ stranded) to samples D1 to 
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tee Type 
No. Tested by of Cable x w. 


34. |. Davis and Eddy....Solid .... 81.... 94.... 
3 Solid SR Cae ks ea 


he se neg 


Foust and Scott....Solid ....210... USTs ots 


Foust and Scott... . Oil-filled....945....315.. 


Foust and Scott... . Oil-filled....945....500.. 


Foust and Scott... . Oil-filled....515....500.... 


Foust and Scott... . Oil-filled. ...515....600. 


Oil-filled. ...349....118.... 
Solid cj OSCR. 5 keto Oes ai 
Oil-filled. ...349....236.... 
WONG oasie a sS4Us on Re. aa 
Oil-filled. ...323....531.... 


Table Il 
a ec en seetstrenanpnseeinnnseesprarsarsoe asa-eemeeneeneeecenn 


Break- G. G. 

down Avg. Max. 
R. n. Volt. Kv V/Mil V/Mil 
350... ..1,870... .3,330 

GLY ncieens Leet }375...2,008...13,570 
400....2,140....3,800 

CLO is as GO0s . aeOO 

OBLONG ie 2,625 6 02,480 

448... .1,420...,..2120 

453. ...1,440....2,150 

Jyfeen...s. Dee $401 1465.8 J2;T80 
sa 48 +++ (500. | | /1'590,. : 12'370 
490. ...1,555... . 2,820 

BOG asi 7 00 2/000 

559. ...1,775... . 2,650 

5659....1,775. .. .2,650 

TOOT el, 400% 5 6 6 BIBOO 

EWA eeOK Rie aie £85 Dhak 765... . 1,580... .2,475 
630... .1,260....2,035 

648....1,295....2,090 

902....1,805....8,845 

OSes eh 25) aexs W028... .1,800.,.7.0,440 
940... «1,880... .3,485 

VOGT cl yen cco. 480 

1,104... 1,840... .3,605 

UL1Se% .. 1,860)... 0,640 

SOB. 4... Lja2b... 2700 

eR MAMEOC ase eS Boece GIGS... 1,525, 2. 42/990 
SoU ete MkjOO Own ees GO 

896... .1,495. .. 2,925 

9040... «1,565 .2.2.3,070 

1,014... ....1,690... ...3,;810 

Soe aes Solid ... 188... 2,000. 2.2 3,080 
467 280... .2,370. ...2:745 
467 288 on 2 F109 2,785: 
585\. Prema t Bnet BOAd he we sOO Ose wus O00 
585 surf. 610... .2,160., ©... 2,830 
821 BOOS. ete lOleg 2 LS 
854 920. cal, tO 112,090 


ry. Minimum radius of conductor, mils. 
w. Thickness of insulation. 


D3 (strand shielded with semi-conducting 
tapes). The smoothness of the conductor 
surface in these samples increased the 
breakdown voltage by an average of 24 
percent. In assessing the significance of 
this increase, the reduced effective insula- 
tion thickness in cable D, owing to the 
substitution of semi-conducting tapes for 
insulating tapes, near the electrodes, 
should be taken into account. With an 
equal thickness of effective insulation, 
this value would be nearer 30 percent. 

The application of 200 psi pressure, gas 
or oil had a rather curious effect on the 
maximum stress at breakdown (samples 
E1 to £4). It was expected that pres- 
sure would increase the impulse strength. 
On the contrary the results indicated a 
ten percent decrease due to pressure. If 
the lower value had been found in only 
one specimen and the higher value in 
several specimens, the results might be 
ascribed to local conditions. However, 
the single specimen (sample £4) tested 
without pressure was found to have the 
highest value. Further investigation is 
recommended before final conclusions 
are drawn as to the effect of pressure on 
impulse strength. 


Conclusions 


The results of the impulse tests con- 
ducted by The Detroit Edison Company 
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R. Minimum radius over insulation. 
n. Number of strands in outer layer. 


on various types of impregnated paper- 
insulated cables seem to indicate that with 
the type of impulse wave and method of 
application used in these tests, in a cable 
having the best obtainable insulation, 
breakdown occurs at a voltage for which 
the maximum stress is around 3,300 volts 
per mil. Fora given insulation thickness, 
therefore, an increase in the minimum 
radius of the conductor and the use of 
smoother electrode surface should result 
in an increase in breakdown voltage. If 
the quality of the insulation is inferior, 
owing either to non-uniformity of taping 
or incomplete impregnation, or both, the 
maximum stress value can be expected to 
become less than 3,300 volts per mil. 
Therefore, the maximum stress obtained 
from impulse tests, compared with 3,300 
volts per milis a good measure of the uni- 
formity of taping and the degree of im- 
pregnation of the insulation. The cor- 
relation obtained in these tests between 
the impulse strength value and the find- 
ings of visual examination, such as those 
shown in Mildner diagrams (also styrene 
wafers), shows that these visual tests in 
their turn can justifiably be used as a 
measure of the impulse strength of the 
cable insulation. 

In view of the above mentioned results, 
solid, oilfilled, oilostatic, and compression 
cables should all have the same maximum 
stress at breakdown. For a given insula- 
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tion thickness and conductor surface, the 
oilfilled cable, therefore, having the ad- 
vantage of an intrinsically large diameter 
of the conductor will withstand the 
highest voltage before breakdown occurs. 

The tests also indicated that this type 
of cable will retain this advantage even 
after aging. The solid, oilostatic, and 
compression cables, when new, belong to 
the same group as regards impulse 
strength. From the decrease of the de- 
gree of impregnation in service, it is logi- 
cal to assume that service aged solid 
cables have a lower impulse strength 
than new ones and this assumption is 
borne out by test. By inference, it may 
be concluded that the care used in taping 
solid type cables is more important than 
the degree of impregnation since age de- 
creases the beneficial effect of the latter, 
whereas the former will remain practically 
the same. Ojilostatic and compression 
cables, on the other hand, can be ex- 
pected to retain their original breakdown 
values even after aging, although there is 
as yet no direct experimental verification 
of this assumption. Low gas-pressure 
cables, although originally lower than 
solid-type cables as to impulse strength, 
are expected to retain this value after 
service aging and it is possible that they 
would then show even higher impulse 
strength than solid-type cables. 
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Appendix 


1. In case of a cylindrical concentric 
cable with smooth surfaces of conductor and 
sheath, the fiéld stress (.S) at a point of the 
dielectric is given by the equation 


E volts 


S= (1) 


cm 
r, log — 
r 


where 


E=voltage applied between conductor and 
sheath 
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The A-C Dielectric-Loss and Power- 
Factor Method for Field Investigation 


of Electrical Insulation 


FRANK C. DOBLE 


ASSOCIATE AIEE 


General 


HE use of dielectric loss and power 

factor for testing the insulation of 
electrical equipment in service position in 
the field with one side grounded began with 
the advent of the apparatus and method 
described in this paper. 

Through its use, tables of standard 
values have been set up indicating when 
insulation is ‘“‘good” for continued opera- 
tion with an adequate factor of safety or 
when it is ‘‘bad” to a degree that warrants 
investigation and possible replacement in 
order to insure continuity of service until 
the next scheduled test. 

Types of insulation that were being dis- 
carded as inherently bad, judged by their 
high failure record, now are being re-es- 
tablished as good insulation after the tests 
have shown the defects to be largely of a 
secondary natureand removable orcurable. 


History 


A series of high-voltage bushing failures 
occurring about 1925 emphasized the need 
for developing a practical field test for 
this type of insulation that would indicate 
the presence of certain types of fault or 
deterioration which inherently were not 
detectable by a non-destructive direct- 
current test. 

A considerable amount of research and 


development work was done and several 
methods were tried and discarded before 
the ultimate discovery of the a-c dielec- 
tric-loss and power-factor method. 

The voltage-distribution method for 
testing high-voltage live-line insulators 
which had been in successful use for sev- 
eral years was first tried but this method 
failed to reveal many types of defective 
insulation that were responsible for costly 
service interruptions. 

Apparatus was then developed for 
measuring the charging current of a bush- 
ing at operating line voltage by isolating 
on an insulating support a current instru- 
ment arranged for connection in series 
between the terminal of the bushing and 
the live line normally leading to it. This 
test did not reveal certain types of defects 
in insulation and service interruptions 
continued to occur. 

Finally the method described in this 
paper was devised in which voltamperes, 
watts, and the power factor of the insula- 
tion were measured in the field with port- 
able instruments. The operation and ap- 
plication of the apparatus during the past 
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paper. 


ten years have been described in the pa- 


pers listed in the bibliography. This paper 
is concerned with the technical electrical 
features and principles involved. There 


are different forms in which the apparatus | 


may be constructed. For the purpose of 
discussion, the details of one form of the 


apparatus will be used to illustrate the — 


general principles. 


Test Apparatus Elements 


The elements of apparatus required in 
an a-c dielectric loss method for field in- 
vestigation of electrical insulation are 
shown in figure 1. 

A 110-volt supply feeds a step-up trans- 
former, 7. 

From the high-voltage terminal of the 
high-voltage winding, a cable connection 
leads to one side of the specimen, C,R,, 
which is grounded. 

The measuring means, M, is connected 
between one side of the high-voltage wind- 
ing of the transformer, 7, and the 
grounded specimen under test. 


Technical Problems 


There are special technical problems in- 
volved in apparatus designed to measure 
losses in insulation as installed in the field 
with one side permanently grounded and 
subject to electrostatic induction from ad- 
jacent or surrounding circuits and appara- 
tus. Because the ground connection can- 


M32-/ 


HIGH-VOLTAGE 
TERMINAL 


HIGH-VOLTAGE 
CABLE 


Cy 
Rx 


TEST 
SPECIMEN 


r,=radial distance of the point from the 
center of the cable 

ry =inner radius of insulation 

R=outer radius of insulation 


Maximum stress for a given cable will be 
at the surface of the conductor when 7,=r 
and the equation will be 


E 
a 2) 


TOC 
r 


2. For sector shaped conductors with 
paralleling ground (shielded cable), and 
smooth surface of conductor and shielding, 
the portion of the sector containing the 
points with the greatest stress, is what is 
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known as the ‘‘shoulder” of the sector, 
having the minimum radius of curvature. 
In cables with sector-shaped conductors 
maximum stress was estimated by substitu- 
ting these minimum radii in equation 2. 


3. For elliptical (oval shaped) conduc- 
tors same consideration as in 2, was applied. 


4. To calculate the effect of stranding in 
cables other than those with compacted 
stranding, the following formula developed 
by Serguis Vesselowsky of The Detroit 
Edison Company was used: 


0.572nE 
R 
(0. 19+” logio s) 
r 


Doble—Field Investigation of Insulation 


S= 


(3) 


60~™ lov 
~ M 
Low-vourace! 
TERMINAL 
Figure 1. Apparatus to measure a-c dielectric 
loss in grounded insulation 
where 


nm =number of strands in outer layer 

E=voltage applied between conductor and 
sheath 

y=inner radius of insulation 

R=outer radius of insulation 


Above formula appears to be sufficiently 


accurate for high values for (greater than 
6). 


5. In case of compacted stranding, the 
maximum value should be somewhat higher 
than that found in similar cable with smooth 
conductor surface. However this type of 
conductor does not lend itself to ready calcu- 
lations because of differences of smoothness 
of conductor surface. 
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HIGH-VOLTAGE CABLE 


j Figure 2. Simplified circuit diagram showing 
charging currents originating in the test appa- 
ratus itself 


not be removed or even temporarily dis- 
connected, the measuring means cannot 
be connected between the specimen and 
_ ground, and so cannot be connected di- 
_ rectly in series with the insulation it is 
_ desired to measure. Consequently, the 
_ permanent ground limitation may cause 
_ the measuring apparatus to be subjected 
_ toelectrical influences other than the losses 
in the insulation, For example, there may 
be: 

Charging currents originating in the meas- 
uring apparatus itself. 

Changes in phase angle and current caused 
by variations in capacitance. 

Effects from extraneous electric fields. 


CHARGING CURRENTS ORIGINATING IN THE 
APPARATUS ITSELF 


In figure 2 the charging currents origi- 
nating in the apparatus itself are indi- 
cated on a simplified diagram of the test 
equipment without any shielding. The 
distributed capacitance between the high- 
voltage winding of the transformer and 
ground is represented by a single capaci- 
tance, Ci, and the resulting charging cur- 
rents are represented by . The distribu- 
ted capacitance which extends the en- 
tire length of the high-voltage cable is 
shown conventionally as a single capaci- 
tance, C2, and the charging current as 
In, The distributed capacitance and cur- 
rent from the high-voltage end of the 
10,000-volt coil of the transformer are 
shown as C; and J3. Likewise the dis- 
tributed capacitance and current between 
the 110-volt coil and the low-voltage end 
of the 10,000-volt winding are shown as 
C,and J, All of these charging currents, 
I, In, Iz, and Is, flow through the measur- 
ing means, M, in addition to the current 
through the specimen which alone it is 
desired to measure. It is realized that 
these currents involve both capacitance 
and loss components but for brevity they 
are referred to as charging currents. 

In figure 3 there have been added to the 
circuit of figure 2 guard shields S. and S; 
around the high-voltage winding of the 
transformer and the high-voltage lead. 
Charging currents hh, I2, and J; are diverted 
from the measuring means, M, by these 
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Figure 3. Test circuit diagram with shields to 
divert h, ls, ls 


shields, but J, continues to flow through 
M, 

In figure 4 there has been added to the 
circuit of figure 3 a grounded shield 5S; 
around the low-voltage winding of the 
test transformer, This shield, S,, diverts 
charging current, J, from the measuring 
means, M. This is important because 
the phase displacement of J, may be such 
that it will cause large errors in the watts 
measurement. 


CHANGES IN PHASE ANGLE AND CURRENT 
CAUSED BY VARIATIONS IN CAPACITANCE 
AND EFrrects From ExTRANEOUS ELEC- 
TRIC FIELDS 


From a study of figures 3 and 4, it is 
obvious that the capacitance between 
ground and the shields S. and 3 is in 
parallel with the measuring means, M. 
This capacitance shunt diverts some of 
the test specimen current away from M. 
Correction for this shunting effect can be 
made by means of a compensating circuit 
or network. If this shunting capacitance 
is kept substantially constant, need for 
adjusting the network is practically elimi- 
nated. One method for maintaining con- 
stant capacitance is shown in figure 5 
where, in addition to the shields $,, So, 
and S$; there are grounded shields SS, 
and .S; which surround the guard shields 
S3; and S» on the high-voltage cable and 
the apparatus. Means for compensating 
the shunting effect are provided by the 
adjustable network R and C. 

An additional function of the grounded 
shields .S, and S; is to prevent currents in- 
duced from extraneous sources from flow- 
ing through the measuring means. By 
reference to figures 3 and 4, it will be seen 
that currents induced in the shields S) 
and S; from extraneous sources, such as 
adjacent high-voltage circuits, would flow 
to ground through the measuring means, 
M, thus vitiating the measurement. The 
shields S, and SS; conduct such currents 
directly to ground. 

This grounded shielding also contrib- 
utes greatly to the safety of the operator 
by providing a direct path to ground for 
stray currents due to accidental break- 
down of the insulation of the test circuit 
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HIGH-VOLTAGE CABLE “”** 


TO IlOV 
60% 


~ a= 


Figure 4. Test circuit diagram with shields to 
divert h, ls, Is, I 


or contact with external high-voltage 
sources. In actual practice, lives of opera- 
tors have been saved by this ground 
shielding when defective operating mecha- 
nism caused bushings under test to be 
accidentally alive at line voltages. 

Even with the test apparatus and the 
test cable protected from external fields, 
the bushing or other test specimen may be 
so positioned as to have a considerable 
voltage induced at its high-voltage ter- 
minal due to extraneous sources. Voltage 
so induced in the specimen may in turn 
produce currents to ground which will 
flow through the measuring instruments, 
and it is essential to have means in the set 
itself for making corrections for these ef- 
fects. A reversing switch, SW (figure 5), 
performs this function. 

In practice, if the test voltage is less 
than 90 degrees out of phase with the cur- 
rent induced in the test specimen due to 
external fields, the resultant current and 
watts, as determined by the instruments, 
will be too great. If, however, the phase 
of the induced current is more than 90 de- 
grees out of phase with the test potential, 
the watts and current indicated on the 
instruments will be too small, The actual 
value of watts loss in the insulation under 
test may be determined by taking two 
readings, first with the reversing switch 
in one position and then in the other. The 
algebraic average of these two readings is 
the actual watts loss in the specimen, and 
the algebraic average of the current is 
substantially the current flowing through 
the test specimen due to the test voltage. 
Thus, power factor can be calculated from 
watts-loss and current values determined 
under severe conditions of interference. 

For example, let W; and W, be the ob- 
served values on the wattmeter, and J; 
and J, be the current readings, with the 
reversing switch first in one position and 
then in the other. The algebraic average 


WitW, 


of the watts loss will be , and the 


algebraic average of the current will be 


Gant, .* The resulting power factor will 


a 


* In practical application it is found that the cur- 
rent from induced voltages is small in comparison 
with the current through the specimen due to the 
test voltage, and hence its effect on the phase of the 
test current may be disregarded. 
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WitW, 

E(L+h) © 
factor values thus derived from field read- 
ings of watts loss and voltamperes is well 
illustrated by a comparison with the true 
power factor of the same test specimen 
free from induction interference, as fol- 
lows: 

Observed values in the field: 


be The accuracy of power- 


E=10,000 volts 
Wi, =1.9 watts 
W.,=—1.6 watts 
I,=895 microamperes 
JI,=685 microamperes 


WitW. 
The formula EG@+h) = 
1.9+-(—1.6) 


10,000(895-++685)10-* 1.9% power factor 


True power factor, no induction = 2.0%. 


In passing it is interesting to note that 
it is not possible to compute the correct 
power factor by averaging power factors 
obtained under conditions of electrostatic 


Ss. ____ HIGH-VOLTAGE CABLE 


to defects in composite insulation are 
more pronounced at 60 cycles than at 
higher frequencies, consequently the dif- 
ferential between good and bad insula- 
tion is greater. Field trials have revealed 
that power-factor measurements at 1,000 
cycles are limited in their scope as com- 
pared to 60 cycles.’ The thousand-cycle 
power-factor test proved inadequate to 
indicate types of serious deterioration 
which were readily found by the 60-cycle 
power-factor test. 


Test Voltage 


A successful field testing apparatus 
requires a test potential adequate to de- 
tect deterioration in insulation of all 
voltage ratings up to and including the 
highest kv rating in practical use, which 
at the present time is 287 kv. 

In practice, the operating company is 
interested principally when insulation 
has deteriorated to a point where it has 
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interference by direct and reversed con- 
nections of the test voltage respectively. 
The algebraic expression for averaging 


power factor would be Adin i , Which 
1 2 
2 
Wilo+ W: 
equals a Applying this for- 


mula to the example cited above gives: 


1.9(685) (10-8) + (— 1.6) (895) (10-®) s 
20,000(895 X 10~*) (685 10-8) _ 
—1.1% power factor 


which negative result obviously is incor- 
rect and in this case meaningless. 


Test Frequency—60 Cycles 


A test frequency of 60 cycles is most 
desirable because, other things being 
equal, a test at normal operating fre- 
quency reflects actual operating condi- 
tions. Moreover, the power factors due 
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become a failure hazard or represents a 
radio interference problem. 


From a design standpoint the manu- 
facturer is interested also to learn of in- 
herent defects or incipient faults which 
may ultimately cause deterioration even 
though the resulting destruction of insu- 
lation value may not represent an elec- 
trical failure hazard until after many 
years of service operation. 


Considering specifically the manufac- 
turers’ interest in new design, a test po- 
tential equal to or higher than operating 
voltage might furnish valuable data if it 
were possible in the field to separate the 
true loss from abnormal losses due to 
corona and extraneous interference con- 
ditions. However, except for studies of 
new design the advantages to be derived 
by the use of over-voltage in routine 
field testing are heavily outweighed by 
its obvious disadvantages. Extensive 
investigation of bushing insulation in the 
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field showed that power-factor measure- 


ments at over-voltages introduced com- 


plications of analysis that are of no im-_ 


mediate practical value to the power com- 
pany. 

From a technical standpoint, the test 
voltage chosen should be as high as ef- 


ficiently possible to meet the require- 


ments of surface contact difficulties, 
ample unit stress on the insulation under 
test, and the minimizing of extraneous 
influences. On the other hand, the dif- 
ficulties of segregating corona losses from 
insulation losses and the problems of 
portability, power supply, and regulation 


(all of which increase with voltage) — 


compel a compromise in the interest of 
economy and efficiency. Tests at 10 kv 
appear to avoid a maximum of the dif- 
ficulties. Data from ten years’ experi- 
ence with field tests on insulation rated 
from 10 kv to 287 kv indicate that a 10- 
kv test potential is adequate to solve the 
operating maintenance problem and also 
to make contributions useful to the manu- 
facturer in his design problems. 


COLLAR TESTS 


Need for localized high-voltage stress 
under special conditions, such as occur 
in voids in compound-filled bushings, is 
met by applying a metal band or ‘“‘col- 
lar’ to critical parts of the insulation so 
that the application of 10 kv produces 
higher unit stress at these local parts 
than would be produced by a test at full 
line voltage on the insulation as a whole. 
For example, tests at 10 kv impressed on 
metal collars placed under the first or 
second petticoat of a bushing will produce 
stresses that will indicate the presence of 
moisture, voids, and other abnormal and 
deleterious conditions in their incipient 
stages. In testing compound-filled bush- 
ings, the power-factor measurement is 
almost universally supplemented by the 
collar test. The trend of both measure- 
ments is carefully tabulated from con- 
secutive tests and both are taken into con- 
sideration in the final analysis of the 
bushing condition. 


Test Apparatus Details 


In the particular circuit illustrated by 
figure 5, it will be noted that the measur- 
ing means consist of a voltmeter, watt- 
meter, and current instrument. In the 
following description (to differentiate 
this set from other types of measuring 
equipment which could be used), this 
equipment will be referred to as the 
‘‘watts loss and power factor apparatus.” 

Figure 6 is a wiring diagram of a com- 
plete watts loss and power factor insula- 
tion test set, shown pictorially in figure 7. 
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The set comprises: 6. Safety relay and switches. 


1. Shielded step-up test transformer as a The test voltage supply is a 120:1 


ee ee ny LEe0Litrens)). ratio, 13,200-volt, 60-cycle potential 


2 i inp i Bd 
2. Shielded set of measuring instruments transformer capable of delivering 150 
(voltmeter, ammeter, wattmeter in instru- 


Prennease). milliamperes at 10 kv. 


The shielded set of measuring instru- 


3. Multi-shielded cable for connection to ; 
ments includes: 


the specimen under test. 


4. Reversing switch. A voltmeter calibrated for a range from 0 to 
5. Standard capacitor. 12.5 ky. 


H 
3 
g 
§ 
N 


cn ee, 


Figure 7.  Watts-loss and 
power-factor tester assembled 
for use 
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Figure 6. Watts-loss and power-factor tester 


An ammeter having four scales, calibrated 
to cover a range from 0 to 10,000 micro- 
amperes, 


A wattmeter of special dynamometer type 
having two scales with ranges of 0 to 2.4 
and 0 to 12.0 watts. (Actual sensitivity of 
the wattmeter: 0.02 watt full scale.) 


The multi-shielded cable has four con- 
centric conductors separated by graded 
insulations of 500 volts, 10,000 volts, and 
500 volts, respectively. 


Safety 


Important safety features shown in the 
circuit diagram include a protective re- 
lay, series switches, and a safety grounded 
shielding system surrounding the entire 
test apparatus including the high-voltage 
test cable except a hook at the end for 
contact with the test specimen. Danger 
from contact with the test voltage is 
practically eliminated since the hook is 
the only exposed live part. The arrange- 
ment of the shielding is particularly ef- 
fective in protecting the test operator 
against trouble arising outside the test 
apparatus itself, such as the remote but 
extremely dangerous possibility of acci- 
dental direct contact of the hook with the 
live line, or possible abnormal conditions 
due to serious voltages induced in the test 
circuit by short-circuit or ground occur- 
ring in neighboring equipment. 


Range of Test Apparatus 


The testing range of the apparatus de- 
scribed in this paper is from 0 to 2,000 
milliamperes, or 2 amperes, at 10 ky. 

To meet more special testing condi- 
tions, the apparatus has been adapted to 
convenient ranges of 10, 30, 150, and 
2,000 milliamperes. The larger ratings 
are used for testing power transformers 
and cables. The design and physical 
dimensions of the apparatus are substan- 
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tially the same up to and including 150 
milliamperes, beyond which range addi- 
tional equipment is required. 


Auxiliary Test Equipment 


For special tests a shielded current 
transformer, called “hot guard” trans- 
former, is used in combination with 
regular testers. For example: in addition 
to making an overall test on a power 
transformer, it is advantageous to be 
able to test the transformer bushings 
individually without disconnecting the 
windings at the lower end of the bushing 
under oil. For this purpose, when the 
transformer winding terminates in a draw 
lead through the bushing, a ‘“‘hot guard”’ 
attachment is used to supplement the 
regular test equipment. Figures 8 and 9 
show a set with the ‘“‘hot guard”’ attach- 
ment arranged for making tests on a trans- 
former bushing in a 23,000-kva trans- 
former. In this apparatus, a shielded 
current transformer, CT, is inserted in 
series with the high-voltage lead so that 
transformer bushings of the draw-lead 
type readily can be measured inde- 
pendently of the transformer winding. 
The test voltage is applied between the 
metal tube electrode A and ground and 
only current flowing from this electrode 
A, through the insulation of the bushing, 
to ground actuates the measuring instru- 
ments by flowing through the transformer 
primary, W. 
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Figure 8. Testing a 
220-kv bushing of 
the draw-lead type 
independent of the 
winding in a 
220 / 110 / 13-kv 
transformer with the 
30 tester and hot- 

guard attachment 


By means of the guard circuit SsS; 
which is connected to the lead of the 
transformer at L, the charging current 
flowing into the winding of the trans- 
former through the capacitance CW to 
ground is by-passed from the measuring 
instruments. The wiring diagram of the 
“hot guard” test set as adapted to testing 
transformer bushings is shown in figure 
9. It will be noted that the guard cir- 
cuit, SsS;, which by-passes the current 
transformer winding is at nearly the same 
potential as that applied to the specimen. 
Thus, for test purposes, the insulation 
between the draw lead and the bushing 
tube need be only sufficient to withstand 
low voltage. In the test cable already 
described in connection with figure 6, 
the concentric (hot guard) shield nearest 
the center conductor is provided for this 
special test, and during a “hot-guard” test 
another shield, called the cold-guard 
shield, is connected to ground. 

For testing generators and cables re- 
quiring charging currents up to 2 amperes 
at 10,000 volts, a shielded resonating 
choke is connected directly across the 
high-voltage winding of the test trans- 
former and adjusted until the inductance 
of the choke and the capacitance of the 
test specimen are anti-resonant at 60 
cycles. Under this condition the test 
transformer is required to supply only 
the losses in the choke-specimen resonant 
system, and 2 amperes at 10,000 volts 
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may be obtained with a supply to the 
110-volt side of the transformer of only 
20 amperes which easily can be obtained 
from an ordinary lighting circuit. With- 
out the choke the corresponding current 
on the 110-volt side of the transformer 
would be about 200 amperes which is 
very difficult to obtain in practice, and 
its complete regulation by portable 
equipment practically is an impossibility. 


Application of Tester 


The technique of applying the tester 
to the varied forms of insulation as 
found on the modern power system has 
been thoroughly covered in the literature 
of the AIEE,'?%4 and other publica- 
tions,»7"%1%11 listed in the bibliography. 

Designed primarily for a bushing prob- 
lem, the successful results in this investi- 
gation led to an extension of the applica- 
tion of the tester until it is now used for 
checking the condition of all types of in- 
sulation in service position, and also for 
acceptance tests on new and recondi- 
tioned insulating structures.1?)34 


Test Data and Their Interpretation 


The criteria used for rating the serv- 
iceability of insulation from field dielec- 
tric-loss and power-factor tests are de- 
rived from the correlation of thousands of 
field tests, and many investigations. 
They are based on certain well known 
facts about insulation. 

The correct interpretation of field di- 
electric-loss tests requires a knowledge of 
the detailed construction of the appara- 
tus being tested and the characteristics 
of the particular types of insulation used. 
For example, each type of bushing has 
certain characteristics peculiar to its 
construction; defective internal insula- 
tion of an oil circuit breaker shows up in 
different ways depending upon the 
breaker construction. 

The dry type porcelain bushing is sub- 
ject to corona formation which must be 
considered in analyzing the test data. 
The condenser type bushing may show a 
normal power factor but have several 
condenser layers shorted out; this is 
revealed by an increase in charging cur- 
rent (capacitance) during the routine 
dielectric-loss test. A decrease in charg- 
ing current for some types of compound- 
filled bushings indicates a break in the 
ground shield connection. The  oil- 
filled type bushing may have a high 
power factor as a result of deteriorated 
oil; if the oil is replaced promptly, there 
may be no injurious after-effects. Collar 
tests will reveal defects in compound- 
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embedded bushings that otherwise would 
be masked. 

4 _ The condition of the internal insulation 
of an oil circuit breaker is revealed by a 
comparison of the sum of the watts loss 
for the two bushings in a tank during the 
open-breaker test, with the combined loss 
of these same two bushings during the 
closed-breaker test. A study of these data 
will indicate defective lift rods or flash 
barriers, defective cross braces, wet or 
dirty de-ion grids, and many other forms 
of operating hazards. 

No piece of insulation should be con- 
demned until it has been completely iso- 
lated, cleaned, and compensated for 
temperature. Experience has shown that 
approximately two-thirds of the cases of 
high over-all dielectric loss initially found 
are due to bad operating condition such 

as carbon deposit, etc., that can be re- 
moved by ordinary servicing. 

Standards for evaluation of test results 

appear in the literature,*%47%l as 

well as voluminous data concerning the 
results of their application to the insula- 
tion tests of typical operating compan- 
jes, 1:2>3,4,5,7,9, 10,11 

Typical test results? have indicated 
that defective equipment testing high 
enough to be removed from service is 
distributed among various types of ap- 
paratus in the following order: 


Percentage in 
“Remove” Class 


Oil circuit breaker bushings... ...... 2.1 
Oil circuit breaker tank faults ..... 1.6 
Transformer bushings........ ..... 3.2 to3.9 
pare ieMalae. chek oeip eat ses ew ew 8.8 
Instrument transformer windings.... T.0 
Power transformer windings......... 3.1 


By the use of the technique and appa- 
ratus described, defective insulation can be 
detected in time for removal from service 
before it fails.b%3457%11 Such anticipa- 
tion of failures not only prevents service in- 
terruptions but also makes possible the re- 
habilitation of defective insulation which 
otherwise might have been destroyed. 
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Figure 9. Schematic 
diagram of the essen- 
tial portions of the 
tester circuit when 
the shielded current 
transformer “hot 
guard" is employed 
for testing  trans- 
former bushings of 
the draw-lead type 


Of a large number of bushings tested 


_ and indicated defective to a point needing 


attention, about one-half of the faults 
were found to be external to the main in- 
sulation of the bushing and a considerable 
percentage of the faults that are in the 
main insulation can be cured or improved 
by servicing.” 

“Insulation faults develop in all types 
of equipment such as bushings, trans- 
formers, wood insulation, and oil regard- 
less of equipment design as it exists to- 
day. These faults may develop critically 
within test period intervals of 18 months 
to two years, as shown by the experience 
cited above, and appear, in a few cases, to 
develop to a lesser degree in a shorter 
period of time. Periodic testing, there- 
fore, is necessary if a high standard of 
insulation is to be maintained.’’? 


Conclusions 


The use of the apparatus and method 
described in this paper makes it possible 
successfully to measure the a-c dielectric 
loss and power factor of all types of high- 
voltage insulation in service position. 
Such measurements provide an adequate 
non-destructive method for economical 
maintenance of insulation and for detect- 
ing deterioration in time to prevent fail- 
ure.4 The use of the equipment for tests 
at regular intervals and proper inter- 
pretation of the results will reduce to 
a minimum service interruptions due to 
faulty insulation. Experience has proved 
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that the period between tests of equip- 
ment in important locations should not 
exceed one year.4 
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Bushing Tests 


A. L. BROWNLEE 


ASSOCIATE AIEE 


Introduction 


ORE complete information on the 
dielectric characteristics of high- 
voltage bushings has been obtained from 
power-factor tests by extending the test 
voltage above the values generally used 
and by supplementing the ordinary 
power-factor tests with laboratory exami- 
nations of deteriorated bushings. 

Most power-factor tests on high-voltage 
bushings have been made at a relatively 
low voltage, about 10 kv, regardless of 
the operating voltage of the bushing. 
These tests have been valuable in deter- 
mining the general condition of the insu- 
lation. But by extending the test voltage 
to higher values, even above the operating 
voltage, it has been possible to detect 
defects in new bushings which would 
shorten their useful life and to detect 
certain types of deterioration in older 
bushings, both of such a nature that they 
are not shown by a low-voltage test. 

Laboratory examinations of deterio- 
rated bushings have been valuable in 
determining the nature, extent, and cause 
of bushing deterioration. Such informa- 
tion is needed to properly evaluate power- 
factor test results. 
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Figure 1. Power factor versus voltage curves, 
66-kv condenser-type bushings 


Wrinkled paper at the lower end of the section (left) shows how voids may be formed 
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The purpose of this paper is to give the 
results of tests made at higher voltages 
and their significance and to describe the 
nature of deterioration in bushings as 
found by laboratory examinations of 
bushings with high power factor. 


High-Voltage Power-Factor Tests 


Power-factor tests on bushings at 
voltages equal to or above the operating 
voltage have shown defects in new bush- 
ings which would not have been found 
by a low-voltage test. 

Ionization in two new 66-kv condenser- 
type bushings at a voltage below their 
operating voltage is shown by the sharply 
rising power-factor vs. voltage curves No. 
1 and 2 in figure 1. Curves No. 3 and 4, 
taken on similar bushings, are given for 
comparison and show satisfactory power- 
factor-voltage characteristics. Curves 
1 and 2 show an abnormal increase in 
power factor with voltage. Corona was 
present within these bushings at their 
normal operating voltage, 38 kv, as indi- 
cated by the breaks in the curves below 
that point. The ionization probably 
occurred in voids in the insulation which 
may be formed by wrinkles made in wrap- 
ping the paper which forms the condenser 
layers. The photograph of figure 2 shows 
a condenser-type bushing which was dis- 
sected and showed such wrinkles. 

Corona has a deleterious effect on the 
insulation. Discoloration of the insula- 
tion around voids has been found in 
bushings which have been dissected. The 
action of corona will, in time, produce 
weak spots in the insulation and might 
lead to ultimate failure. New bushings in 
which corona is present at the operating 
voltage, as shown by high-voltage power- 
factor tests, are not acceptable. 

Power-factor tests at these higher volt- 
ages have also shown up deterioration in 
older bushings which would not have been 
found by a low-voltage test. 

The partial failure of a 44-kv condenser- 


Figure 2. Condenser-type 
bushing with outer layers of 
insulation removed 


, in 


which ionization occurs 
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type bushing is shown by the power-factor 
and capacitance vs. voltage curves of 
figure 3. The increasing power factor 
with increasing voltage, together with the 
abrupt change in capacitance above 60 
kv, indicate that the insulation of one 
of the condenser layers was deteriorated 
so that it became partially conducting at 
the higher voltages. This was confirmed 
by measurements on the individual 
layers as given in table I. The outer layer 
had a very high power factor, 29.6%, com- 
pared with an average of 1.65% on the 
inner seven layers. The high power factor 
of the outer layer was found to be con- 
fined to the area under the ground flange 
as shown by the curve of figure 4 which 
gives the power-factor variation longi- 
tudinally over the outer layer. The in- 
sulation of this outer layer had become 
contaminated with glycerine from the 
litharge and glycerine cement used in 
cementing the ground flange to the con- 
denser. 

Partial failure of an oil-filled bushing 
is shown by the power-factor and capaci- 
tance vs. voltage curves of figure 5. 
While the fault had progressed so far 
that the power factor was high even at the 
initial voltage of 10 kv the increasing 
capacitance with increasing voltage and 
the changing power factor indicate the 
nature of the fault—a carbonized path 
within the bushing. The lower ends of 
the four inner insulating barriers be- 
tween the conductor and the equalizing 
shield were badly burned and heavily 
carbonized. This conducting path gave 
rise to the high power factor and to the 
changing characteristics with increasing 
voltage. 


Laboratory Examinations 


Laboratory examinations have been 
useful in determining the penetration of 
moisture in bushing insulation and the 
effectiveness of drying methods. Figure 
6 shows a sketch of a 66-kv condenser- 
type bushing which had a high power 
factor due to moisture absorption and 
table II gives the results of the examina- 
tions made to determine the distribution 
of moisture in the insulation and the 
effectiveness of drying. The power factor 
of this bushing was not reduced by drying 
at atmospheric pressure; on the contrary, 
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Figure 3. Power factor and capacitance versus 
-: curves, 44-kv condenser-type bushing 


it increased slightly. Moisture had en- 
tered the top of the bushing. This was 
confirmed by separating the ground wire 
into two sections, A and B of figure 6, 
and measuring the power factor to the 
upper and lower parts. The power factor 
was higher under the upper part, A. 
Further drying reduced the power factor 
somewhat because the separation of the 
outer layer between A and B afforded 
the moisture a means of escape. By 
measurements on the condenser layers it 
was established that moisture had pene- 
trated to the second outer layer and that 
the inner eight layers had not been af- 
fected. Also, after prolonged drying at 
atmospheric pressure the second outer 
layer still contained a _ considerable 
amount of moisture. 

Drying under vacuum has been much 
more effective in reducing high power fac- 
tors caused by moisture. The curves of 
figure 7 show the results of drying four 
condenser-type bushingsin vacuum The 
power factors of all four were reduced to 
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Figure 4. (A) Sketch of 44-kv condenser- 
type bushing, (B) power factor of outer layer 
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Table |. 44-Ky Condenser-Type Bushing, 
Power Factor of Condenser Layers 
i A J rc 


Layer No. PF. % 
SS Se ee ee 
WAR ae scratch Maio 1.83 
PVPS cor NEEM eritn Peary 1.81 
SA ARR AGRE etre eee Levit, 
Senate See ee 1.61 
Diohracts Aehiaraveye can Peeaatcrhs 1.44 
Gorin cmt as Meee eas 1.21 
Liaise sce cine 1.88 
Stent nants cca a te OR RT 29.6 
Ss Se ee 2 ee ee ee 


Norte: The layers are numbered from the conduc- 
tor outward. 


satisfactory limits in reasonable time. 

While moisture has generally been con- 
sidered the chief cause of high power fac- 
tor in bushings, laboratory examinations 
have also shown contamination from 
substances other than moisture. 

In the 25-kv solid-type bushing 
sketched in figure 8A, the impregnated 
paper had been contaminated by acid 
compounds formed by deterioration of 
the varnished cloth. The variation of 
power factor longitudinally is shown in 
figure 8B, curve 1. The power factor was 
highest in the area under the ground 
shield. Curve 2 was taken after removing 
0.2” of the outer paper and curve 3 after 
removing 0.1” more. A comparison of 
these curves shows that the power factor 
was highest n the outer part of the im- 
pregnated paper which was nearest the 
varnished cloth. 

In a 37-kv solid-type bushing shown in 
the photograph of figure 9, the impreg- 
nated paper had been contaminated with 
a mixture of oil and filling compound. 
The power factor of this bushing was 9%. 


Table Il. Power-Factor Test Results on 66-Kv 
Condenser-Type Bushing of Figure 6 


1. Bushing as re- 
RIE : exe sis = a Conductor tol10 ... 3.8% 
2. After drying in 
air for 8 days 
at 90 degC...... Conductor to10 ... 3.9% 
3. After drying in 
air for 12 days 
at 116 degC...» 
With section of 
ground wire 
and outer in- 
sulation'_re- 
moved at C, 
Aghte Oo ps ses Conductor to 10A... 
Conductor to 10B... 


.Conductor tol0 ... 4.1% 


Conductor to 10A... 


9. 
3. 
3. 
Conductor to 10B... 2.3% 
Conductor to 1 - 1.38% 
1 to 2 A e4//) 
2to3 6 MERA 
: A 3 to 4 . 1.0% 
4. After drying in at65 - 1.0% 
air for 11 more 5 to6 | ae 
days at 110 6 to 7 Po7 
deg C 7to8 ... 1.9% 
8to9 w02t.0% 
9tol0A... 7.0% 
9to10B... 4.1% 
Conductor to 9 . 2.2% 
Conductor to 8 0.7% 
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Figure 5. Power factor and capacitance versus 
voltage curves, oil-filled bushing 
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IMPREGNATED PAPER 


Figure 6. Sketch of 66-kv condenser-type 
bushing 


Power-factor test results are given in table Il 
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Figure 7. Wacuum drying of condenser-type 
bushings 


Curves showing power factor versus drying 
time 
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Figure 8. (A) Sketch of 25-kv solid-type 
bushing; (B) Power factor of impregnated paper 


(1) Full thickness, 0.375 inch 
(2) Turned down to 0.175 inch 
(3) Turned down to 0.075 inch 
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Figure 9. Solid-type bushing 
with section of insulation re- 
moved to show contamination 


The path of oil up through the bushing can be seen at the lower end (left). The dark portion 
in the center shows the penetration of dissolved filling compound from the top 


Figure 10. Oil-filled bushing, 
barrier type 


porcelain- 


View of internal parts showing deposits of 

disintegrated varnish compounds at the top 

and of litharge in the folds of the varnished 
cloth near the center 


Power-factor tests on sections of the bush- 
ing showed that the power factor was 
37.2% at the upper end above the ground 
shield and 1.78% at the lower end. Ex- 
amination of a longitudinal section of the 
insulation showed that oil had migrated 
from the lower end, through separations 
in the impregnated paper, to the com- 
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pound in the top. Compound dissolved 
in the oil had penetrated the insulation 
from the upper end. The paths of the oil 
and compound can be seen in the photo- 
graph. 
Contamination of the oil has been found 
in oil-filled bushings of the porcelain- 
barrier construction, In one instance a 
66-kv bushing of this type had a power 
factor of 26.1%. The power factor of a 
sample of oil was 84.9% and the dielec- 
tric strength of the oil was 14 kv. A 
photograph of the interior of this bushing 
is shown in figure 10, Examination 
showed deposits of disintegrated varnish 
compounds from the varnished cloth 
with which the conductor and the ends of 
the barriers were wrapped. Also, there 
were heavy deposits of litharge from the 
litharge and glycerine cement which was 
used to cement the barriers together. 
Deterioration of oil and of impregnated 
paper under oil has been found by ex- 
amination of oil-filled bushings of im- 
pregnated-paper barrier 
Table III shows the results of examination 
and test of the component parts of two 
66-kv bushings of this type. On No. 
1 the power factors of the core and the 
barriers were satisfactory. Evidently 
deterioration of the oil gave rise to the 
power factor of 2.47% since the power 
factor was reduced to 0.49% using the 
same impregnated-paper parts with new 
oil. On No, 2 the impregnated paper of 
the core had a high power factor which 
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construction. 


Table III. Reconditioning of Oil-Filled 
Bushings 
No. 1 
Power factor as received...........2+.-0:- 2.47% 
Power factor of parts: 
Volume, Surface, 
Percentage Percentage 
Cores, a srcerarttrecvatnnaioe ete OST La Wek sade 0.99 | 
CylindersNo yl rniat-ierenes LOSS tenets eaten 1.06 
De Weta aia ee otetede 1. 19vdxcateuieiers 1.05 
PR a te sa 3 1228.4 a cc aoe 1.31 
2 ODIO mG UP aber, fans 0.94 
Power factor of bushing assembled and 
filled with new: Ot. ac /caeoteles me caneietelenetee 0.49% 
No. 2 
Power factor as received..........-++++005 6.60% 
Power factor of parts: 
Surface, 
Volume, Per- 


Percentage centage 


.7.48.,.. Volume power factor 


COLes aaiete cs csis 5552... 
not improved by 
drying. Replaced. 
Newcore..... 0.97...0.95 
Cylinder. ....2.02...1.82 
Power factor of bushing assembled and 
filled with new oil../<0.2. sen ces eee ents 0.71% 


was not reduced by drying. The insula- 
tion had become contaminated by the 
products of deterioration in the oil, The 
core was replaced. 


Summary 


The value of power-factor tests on 
bushings at higher voltages has been 
demonstrated. Tests at low voltages, 
while valuable, are inadequate. The 
power-factor and capacitance vs. voltage 
characteristics at voltages up to or above 
the operating voltage are important in 
judging the condition of the insulation. 

The nature of bushing deterioration 
and the significance of high power factor 
have been shown by laboratory examina- 
tions. The findings help to establish a 
basis for power-factor limits, and for 
improvements in design and maintenance. 
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HE development of the ignitron type 
of mercury arc rectifier, with its out- 
‘standing advantage in efficiency, intro- 
duced the need of a new type of excitation 
circuit. For the theory of how the arc is 
initiated, the reader is referred to the pre- 
vious papers on ignitrons.!? 
_ Associated with each anode of an igni- 
tron rectifier is an ignitor for initiating the 
arc. Each ignitor requires a positive 
impulse of current once each cycle to start 
the arc at the beginning of the conducting 
period of the main anode. In order to 
accomplish control of the output voltage 
of the rectifier, it must be possible to ad- 
just the phase position of these impulses 
with respect to the supply voltage, either 
manually or by automatic provisions. 
Although the instantaneous current and 
power of the impulses are quite high, the 
impulse duration may be such that the 
average power is low and does not seri- 
ously affect the efficiency of rectifiers with 
the ratings usually encountered. 

If an excitation system such as “main 
anode” is used with which only enough 
energy is applied to the ignitor each cycle 
to ignite the arc, the average power is 
very small. However, with separate 
excitation systems, every impulse must 
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have the same energy and this must be 
adequate to ignite the arc under the most 
adverse conditions encountered. 

The wave shape of the impulse is not 
critical, but the peak value of power 
required for reliable excitation varies con- 
siderably with the time rate of rise of cur- 
rent. Witha high rate of rise, the voltage 
at which a cathode spot is formed is 
higher than if the voltage is applied more 
slowly. For a given rate of rise, this 
voltage varies somewhat from cycle to 
cycle, depending upon the exact condition 
of the contact of the mercury and the 
ignitor. This, of course, influences the 
time of pick-up of the main anode, so the 
impulses must be steep enough so that 
any such variations are negligible. 

With the assumption that the impulses 
have the shape of the positive half of a 
sine wave, figure 1 has been plotted to 
show the average power of 60 impulses 
per second applied to a load with im- 
pulses of various peak powers and dura- 
tions. The duration of the impulses is 
indicated by the base of the wave 
in terms of degrees of a 60 cycle wave. 
The values given by the curves must be 
increased by the losses in the circuit ele- 
ments to obtain the total power require- 
ments for excitation. The various sys- 
tems have varying efficiencies. Circuits 
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with which the authors have had experi- 
ence have varied in their total power re- 
quirements from 75 to 300 watts per ig- 
nitor, 

There are four types of ignitron excita- 
tion circuits that have been used quite 
extensively in commercial applications 
which might be termed as follows: 

(1). main anode 
(2). capacitor-thyratron 


(3). rotating impulse generator 
(4). saturating reactor 


All of the above have been applied with 
variations, as the art progressed, and de- 
pending upon the application. The fol- 
lowing is a list of some of the circuits that 
have been worked on experimentally, but 
as yet have not proven sufficiently attrac- 
tive to be applied commercially : 

(1). peaked-wave transformers 

(2). sine wave transformers phased back 
with thyratrons 

(3). multi-anode control rectifier 


(4). rotating commutator or other contact 
mechanism 


A disadvantage of all circuits using 
thyratrons is that these tubes, having 
thermionic filaments, have limited life 
and constitute a replaceable item. An 
advantage, of course, is that voltage con- 
trol is extremely flexible, simple, and effi- 
cient, since voltage control can be ob- 
tained by control of the thyratron grids, 
This control can consist of a bias voltage 
on the neutral of a sine wave grid trans- 
former or a phase shifter in the primary 
of either a sine wave or a peaked wave 
grid transformer. A suitable phase 
shifter consists essentially of a wound 
rotor induction motor with the rotor 
locked in the desired phase position. 

The conventional thermionic cathode of 
a thyratron is an average rated element; 
it is not suited to high over currents 
and thus not best suited to ignitron exci- 
tation. Ignitors require relatively high 
currents for short times. If only average 
currents were involved, ignitron excita- 
tion could be accomplished with very 
small and inexpensive thyratrons. 

For purposes of reliable anode pick up, 
as well as certain control functions, it is 
desirable to provide a small excitation 
current to the main anode shield. Since 
this is only a nominal amount of power, 
it can be taken from any of the readily 
available sources. The figures used to 
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illustrate the various excitation systems 
show the shield excitation accomplished 
in a variety of ways. 


Main Anode Excitation 


Figure 2 shows a schematic diagram of a 
simple anode fired ignitron rectifier using 
a grid bias method of control. A conven- 
tional double three-phase rectifier circuit 
is indicated for the power connections. 
The excitation circuit is completed for 
only one phase since the others are dupli- 
cates. 

In this system, when an anode becomes 
positive with respect to its cathode, if the 
thyratron grid is positive, current is 
passed through the shunting thyratron 
and ignitor circuit. When this current 
reaches the value at which the cathode 
spot is formed by the ignitor, the main 
anode picks up and the thyratron path 
is short-circuited by the arc. The rate 
of application of voltage on the ignitor 
is a function of the voltage of the rectifier 
and the amount of grid delay used. The 
ignitor voltage collapses sharply when the 
main anode picks up. In this circuit 
only sufficient energy to ignite the arc is 
used each cycle and the average excitation 
power is very small. The major portion 
of the loss is the power required for heat- 
ing the thyratron filament. Also, there 
is ample power available, since it comes 
from the rectifier transformer. 

Although this system is highly efficient 
and most positive in action, it has cer- 
tain limitations. Since the ignition volt- 
age must come from the main trans- 
former, arc pick-up does not take place 
until the anode voltage has reached ig- 
nitor voltage. This voltage is such that 
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Figure 2. Diagram 
of a double three- 
phase ignitron recti- 
fier with main anode 
excitation and bias 

control 


AUXILIARY 
TRANSFORMER 


GRID ; 
TRANSFORMER 


BIAS SUPPLY 


a 300 volt ignitron rectifier with anode fir- 
ing operates at a minimum grid delay of 
approximately 8 degrees, Furthermore, 
because of the cycle to cycle variation 
in ignition voltage, this delay angle is not 
strictly uniform. This tends to cause 
some unbalance between main anodes, 
between phase groups, and between more 
than one rectifier on the same bus, all 
at low loads. At loads of one-quarter 
full load and higher, this effect vanishes. 


iy al jo} 


IGNITRONS 


Figure 3. —_Ignitron 


FIRING 
RESISTOR 


{a} to} 


In this circuit the ignition current must 
also pass through the load. Therefore, 
at loads below ignition value the entire 
load current passes through the thyra- 
trons. Actually this is not very impor- 
tant since currents below ignition cur- 
rents are well within the limits of the 
thyratrons used, even though maintained 
for the full load-conducting period. 


With main anode excitation, the duty 
on the thyratron is probably more severe 
than in separate excitation circuits using 
thyratrons, since in the former, if an 
ignitor does not pick up, the current in 
the thyratron is limited only by the load 
demands, the resistance in the thyratron 
ignitor circuit, and the collapse of the 
interphase transformer voltage. 


Capacitor-Thyratron Excitation 


Figure 3a shows an excitation circuit in 
which a capacitor is charged through a re- 
sistor from a sine wave transformer. 
At a point near maximum positive charge 
the capacitor is discharged through the 
ignitor by triggering the thyratron. The 
principal voltage and current waves are 
shown in figure 3b. The front of the wave 
produced is very sharp and the tail is de- 
termined by the capacity and resistance 
of the circuit. The front can be sloped 
if desired by placing an air core reactor 
in the discharge circuit. 
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Figure 4. Ignitron 
rectifier circuit using 
capacitor - thyratron 
excitation with Rec- 

tox charging 


(a) Circuit diagram 
(b) Voltage and cur- 
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This circuit is simple and direct, and 
has the advantage of some follow-up 
current from the charging transformer 
after the pulse, which maintains an arc 
for 30 or more degrees and aids pick up 
of the main anodes at very low loads 
where the interphase transformer does not 
function. However, since the capacitor 
is charged through a resistor and this re- 
sistor must limit the follow current, the 
circuit is limited in the voltage that can 
be used without prohibitive loss. 

The circuit permits a grid delay range 
of approximately 60 degrees. Ifa greater 
delay angle is desired, a transfer switch 
is necessary to shift connections between 
the charging transformer phases and the 
thyratrons. The power consumption can 
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be reduced somewhat by using a reactor 
in place of the charging resistor. How- 
ever, with a reactor the range of grid de- 
lay is considerably less and the power 
saved does not justify its use. 

A modification of the capacitor-thyra- 
tron circuit, in which the capacitor is 
charged through a Rectox instead of a 
resistor, is shown in figure 4. This 
method of charging reduces the power 
requirements by about 50% and permits 
a wide range in choice of voltage with a 
corresponding range in impulse power. 
The power drawn from the line for either 
circuit has a power factor of nearly unity. 

This circuit permits a wide range of 
grid delay, without switching terminals. 
However, if a wide range is used, it can- 
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Figure 5. Ignitron rectifier cir- 
cuit using a rotating impulse 
generator 


(a) Circuit diagram 


(b) Voltage and current waves 


Figure 6 (right). 
Saturatin g reactor ex- 
citation circuit for 

gnitron rectifiers 


(a) Circuit diagram 


(b) Voltage and cur- 


rent waves 
Enc 


E 4c =supply voltage 


not be done with a grid bias, but it is 
necessary to use a phase shifter and a 
peaking transformer. 


Impulse-Generator Excitation 


By using concentrated fields and a suit- 
able distribution of armature winding, a 
rotating synchronous generator can be 
built which produces impulse voltages. 
Such a winding arrangement, together 
with the waves produced and the connec- 
tions to an ignitron rectifier are shown in 
figure 5. The impulses produced by units 
that have been built have a length of 
about 20 degrees on a 60 cycle base. 

Grid delay with this type of excitation 
is obtained in either of two ways. In 
one, the generator is driven with a wound 
rotor induction motor, the necessary d.c. 
field being provided by d.c. in a pair of 
the windings. The phase position of 
the rotor is shifted by shifting the d.c. 
excitation from one to another of the 
pairs. Another method is to use a syn- 
chronous driving motor with frame shift- 
ing equipment. 

The impulses provided by rotating 
impulse generators are highly satisfac- 
tory for ignitron excitation and the power 
requirements compare favorably with 
other types of efficient separate excita- 
tion systems. Furthermore, there are 
no replaceable parts except field brushes 
within the normal life of small syn- 
chronous M-G. sets. 

The impulse generator has the disad- 
vantage of being a rotating device 
somewhat bulky and noisy. For some 
applications a more serious objection is 
the synchronous motor’s tendency to 
hunt and the reflected effect on the output 
voltage of the ignitron rectifier. By 
suitable choice of driving motor, this 
tendency to hunt can be kept to a value 
having negligible effect on the load where 
the rectifier capacity is small compared 
to the supply system. However, where 


27-6 


CATHODE 
IGNITOR 


(a) 


Ixs 


X,=linear reactor 

Cr=firing capaci- 
tor 

Xgs=saturating re- 
actor 


Myers, Cox—Excitation Circuits 


(o) 


TRANSACTIONS 945 


B-—LINES PER SQ IN 


fe} 20 40 60 80 
H-AMPERE TURNS PER INCH 


CURRENT 


TIME 
——e 


HYPERNIK STO. {RON 


the rectifier load is so large that fluctua- 
tions in the load affect the frequency of 
the supply system, it is possible for the 
natural periods of the impulse generators 
and the supply system to be such that 
violent fluctuations build up. Since the 
size and maintenance features of impulse 
generators limit their attractiveness to 
large installations, the danger of hunting 
practically precludes their use. 


Saturating-Reactor Excitation 


_ Figure 6a shows a circuit, utilizing re- 
actors and capacitors, which will produce 
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Figure 7. Current 
wave shapes of a 
saturating reactor ex- 
citation circuit with 


different types of 
reactors 


power impulses suitable for ignitron ex- 
citation. The linear reactor in this cir- 
cuit has an iron core with an air gap and 
is designed to have a constant reactance 
for various voltages up to the rated volt- 
age and frequency of the circuit. For a 
60 cycle circuit, this reactance is approxi- 
mately 30% of the reactance of the firing 
capacitor. The saturating reactor is 
built with a closed iron core and a winding 
such that at the rated voltage of the cir- 
cuit, it will draw a large peak of mag- 
netizing current. This peak of mag- 
netizing current occurs when the capaci- 
tor, Cr, is charged to its peak value of 


Figure 8 (left). Peak 
voltage and current 
developed by the 
saturating-reactor cir- 
cuitusing a Hypernik 
reactor 


Figure 9.  Phase- 
shifting network for 
a saturating-reactor 
excitation circuit 


(a) Circuit diagram 
(b) Vector diagram 


E 4c =supply voltage 
X ps = phase-shifting 


reactor 
Cp=parallel ca- 
pacitor 
Xp=parallel reac- 
tor 
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voltage; hence the capacitor discharges 
through the saturating reactor and a 
large peak of current results. By using 
the Rectox units shown in figure 6a, it is 
possible for one circuit to supply excita- 
tion power to two ignitron tanks which are 
diametrically opposite in phase position 
in the rectifier circuit. Figure 6b shows a 
set of curves illustrating the voltage and 
current for a cycle of operation. 

The shape of the current wave for the 
impulse developed by this circuit is af- 
fected considerably by the shape of the 
magnetization curve of the material used 
as a core for the saturating reactor. 
Saturating reactors with different core 
materials have been tried. Figure 7 
illustrates the current wave shape de- 
veloped for each case. One curve applies 
to a reactor with ordinary transformer 
iron having less than 1% silicon, and the 
second curve is for a reactor with Hyper- 
nik core. With a saturating reactor 
using a Hypernik core, it is possible to 
develop a peak power one hundred times 
the average power input. Some tests 
were made using this circuit with a re- 
sistor load to show the peak voltage and 
current it could develop for various values 
of constant resistance, and the results are 
plotted in figure 8. 

In this circuit, the phase position of the 
impulses, which control the ignitron volt- 
age, must be controlled by shifting the 
input voltage to the excitation circuit. 
This may be accomplished by means of 
a phase shifter which must shift the 
entire excitation power. The phase shift- 
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ing may also be accomplished by means of 
a phase shifting network. Figure 9a 
shows a diagram of such a network. 

The phase shifting circuit contains all 
the elements of the circuit shown in 
figure 6a with three additional com- 
ponents. The phase shifting reactor is 
capable of a gradual change in reactance 
over a 10 to 1 range by means of d.c. 
saturation. The parallel reactor and 
capacitor operate with a circulating 
current larger than that drawn by the 
excitation circuit and act as a power 
source for that circuit. The phase posi- 
tion of the voltage across the parallel com- 
bination can be adjusted by controlling 
the phase shifting reactor. 

If the parallel reactor has a closed iron 
core, and is designed so that normally it 
operates with considerable saturation, 
then the voltage across Xp and Cp will 
remain almost constant with considerable 
fluctuation in line voltage or change 
in the reactance of the phase shifting 
reactor. Figure 9) is a vector diagram 
illustrating the voltage and current phase 
relations in this circuit. 

As shown here, the loss component of 
current through Xps determines the 
phase shift for a given value of reactance 
in Xps. The reactive component of 
current in Xps operates to maintain 
constant voltage across Cp and Xp. 
This reactive component is a balance 
between current taken by Cp and Xp 
which varies according to line voltage 
due to the fact that Xpis saturating. In 
practical operation this permits a 90° 
phase shift with no perceptible change in 
peak voltage’ output. The line voltage 
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Figure 10.  Ignitron rectifier 
circuit with sine-wave phased- 
back excitation 
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may likewise change 30% with only a 1% 
change in voltage across Cp and X >. 


Peaked-Wave-Transformer 
Excitation 


The impulse produced by a conven- 
tional peaked wave transformer has the 
shape desired for ignitron excitation. 
Such a transformer, connected to block 
out or by-pass the negative peaks, is a 
satisfactory circuit. However, in a 
peaked wave transformer the impulse 
energy is stored periodically in the mag- 
netic circuit and it is found that a 
transformer to produce impulses of the 
magnitudes required for ignitron excita- 
tion is prohibitively large. 
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Figure 11. Ignitron 
rectifier circuit with 
miniature grid-con- 
trolled rectifier exci- 
tation 
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Sine-Wave Phased-Back 
Excitation 


Ignitors can be fired with 60 cycle sine 
waves. However, if the ignition is per- 
mitted to take place on the front of the 
wave from a circuit having capacity 
enough to supply the instantaneous 
power required by ignitors, the power 
loss is prohibitive. To avoid this high 
loss the voltage can be phased back or 
blocked by a thyratron, until a later point 
in the cycle where the follow current is 
much less. Such a circuit is shown in 
figure 10. In any event, the degree to 
which ignition can be phased back is 
limited and the minimum follow power 
attainable results in rather high excitation 
losses. Furthermore, the power con- 
sumption varies greatly with the angle of 
phase back so the range of grid control 
is very limited and the highest loss is at 
the minimum delay angle where rectifiers 
operate the majority of the time. Prac- 
tically, control of rectifier voltage with 
this type of excitation requires that a 
phase shifter be placed in the power 
supply to the excitation circuit. , 

A modification of the circuit shown in 
figure 10 can be made by placing a single 
resistor in the neutral of the excitation 
transformer instead of the individual re- 
sistors in the ignitor leads. Such a re- 
sistor would cause the circuit to produce 
60 degree pulses as in a six phase rectifier. 


Multianode-Control Rectifier 


The sine wave-phased back circuit can 
be modified as shown in figure 11, so 
so as to permit the use of a miniature. 
multianode grid controlled rectifier. Since 
such a rectifier has a common cathode, 
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coupling transformers are required in 
order to segregate the individual ignitor 
circuits. 

The advantage of this circuit is that it 
retains low energy electronic control com- 
parable to thyratron control, but elimi- 
nates the replaceable tubes. Its attrac- 
tiveness is limited to pumped ignitrons 
where the addition of a small auxiliary 
pumped device involves little disadvan- 
tage. The range of grid control available 
with this circuit is limited, unless the 
entire excitation power is shifted, since, 
in common with the phased-back circuit, 
the excitation power varies widely with 
the phase back angle. 


Rotating-Commutator Excitation 


Figure 12 shows a system of excitation 
in which a rotating contact member is 
driven by a synchronous motor. As the 
moving contact passes under the brushes 
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Figure 12. Rotating- 
commutator excita- 
tion system for igni- 

tron rectifiers 
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connected to the d.c. source, the capacitor 
is charged and when it passes under the 
brushes connected to the ignitors, the 
capacitor is discharged through the ig- 
nitor. Obviously, the capacitor could 
be connected to the stationary member 
and the ignitor contacts rotated if dic- 
tated by convenience. Control of volt- 
age can be obtained either by means of 
rotating the stationary contact members 
or by any convenient means of shifting 
the phase position of the driving motor. 
This system is most efficient and flex- 
ible as regards circuit constants, but it 
has the disadvantage of including a rotat- 
ing member and sliding contacts with the 
resulting maintenance requirements. 


Conclusions 
In general, the development of the 


ignitron has progressed to a point where 
several circuits are available for excita- 
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tion. These will provide positive and 
accurate ignition independent of load, 
and their attractiveness depends upon 
the application. Any of the circuits 
described in this paper which are in com- 
mercial use have a power consumption 
sufficiently small that the effect on over- 
all efficiency is less than .1% for large 
units, and does not exceed .4% on units 
as small as 200 K.W. 

The use of thyratrons in an excitation 
circuit provides a flexibility and speed of 
response that cannot be matched by 
any circuit using elements depending on 
mechanical movement or change of cur- 
rent in an inductive circuit, to provide 
control. 

The saturating reactor excitation sys- 
tem, consisting entirely of static devices, 
by elimination of tube replacement ap- 
pears to offer practical advantages for 
many applications. 

When used with a phase shifting net- 
work, the saturating reactor system can 
be controlled with small power devices or 
compensating circuits, and has a speed 
of response adequate for most applica- 
tions. 
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Synopsis: Up to the present time current 
transformer performance has been described 
by curves which show ratio error and phase 
angle over a range of current at various 
values of burden, (ohms) power factor, and 
frequency. The number of curves that are 
required to cover all possible conditions is so 
great as to render them, by their very bulk, 
practically useless. Another limitation is 
that they do not describe performance under 
transient conditions. 

Performance of other types of trans- 
formers and certain other apparatus is in- 
variably calculated from a few easily meas- 
ured constants, according to simple standard 
formulas. Up to the present time, avail- 
able methods for calculation of current 
transformer performance have had the dis- 
_ advantage of either being difficult to use, or 
_ of depending on constants difficult to meas- 

ure, or else they have not been sufficiently 
accurate for general use. 

A method is described which depends on 
the following constants: 


ame 


1. Open-circuit saturation curve measured in the 
usual way. 


2. Secondary coil resistance. 


3. Equivalent leakage reactance calculated from 
the voltage of an exploring coil enclosing the maxi- 
mum value of leakage flux. 


The method includes several important 
short cuts in the calculation which reduce 
the numerical work to a practical mini- 
mum. Curves are plotted which allow di- 
rect reading of the exact components of ex- 
citing current which cause ratio error and 
phase angle. 

The objects of the paper are: 

1. To present a practical method of calculation. 


2. To establish constants (1), (2), and (3) as the 
fundamental quantities which determine real excel- 
lence of the transformer. 


I. The Need for a Simple Method 
for Description of Current- 
Transformer Performance 


HE conventional ratio and phase- 

angle curves for a current trans- 
former are often inadequate for solution 
of a particular problem. Furthermore, 
the tests from which such curves are 
plotted are expensive, and the data are 
not available for many of the older trans- 
formers now in service. 

A simple method for determining cur- 
rent transformer performance from a few 
easily measured constants (as power 
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transformer performance is determined 
from copper and iron loss and impedance 
measurements) has been earnestly sought. 
This paper will present a method which 
the author believes to be the best so far 
proposed. 

II. Theory of Current 
Transformation 


The general principle of calculation of 
current transformer performance is very 
simple. The ampere turns in the sec- 
ondary coil are less than those in the pri- 
mary coil only because of the ampere 
turns lost in circulating flux in the core. 
Hence, we need only to calculate the am- 
pere turns or magnetomotive force drop 
around the magnetic circuit. 

However, on account of the leakage flux 
in the core, this is not as simple as it 
sounds. This leakage flux is principally 
the flux which passes between primary 
and secondary windings, and completes 
its path in the core outside the primary 
winding (figure 1). The current trans- 
former is different from other transfor- 
mers in that this leakage flux is relatively 
large, often larger than the working flux. 
This flux has been investigated experi- 
mentally! and theoretically,2* but no 
method has been developed by which it 
can be exactly calculated. Furthermore, 
it is well known that it enters the core, not 
at one point, but all over the whole sur- 
face, so that it is not the same at any two 
points in the core 

If any one of a number of approximate 
methods is used to calculate the leakage 
flux, the ampere turns to circulate it 


Paper 41-109, recommended by the AIEE commit- 
tee on protective devices and instruments and meas- 
urements, and presented at the AIEE summer con- 
vention, Toronto, Ontario, Can., June 16-20, 1941. 
Manuscript submitted February 20, 1941; made 
available for preprinting May 6, 1941. 


E. C. Wentz is with Westinghouse Electric and 
Manufacturing Company, Sharon, Pa. 


The author wishes to thank J. B. Gibbs of the West- 
inghouse transformer engineering department for 
invaluable assistance in organizing and arranging 
the material. 

1. For all numbered references, see list at end of 
paper. 
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through the core can be calculated by 
dividing the core into a number of parts, 
assuming a constant equivalent flux in 
each part. This is the basis of the method 
described by Mr. Sinks,* and this method, 
although still not absolutely correct (its 
limitations are fully described by Mr. 
Sinks), is the most nearly correct method 
now available. Its real limitation is the 
great amount of numerical work involved. 


III. Assumptions Which Simplify 
Calculation 


Certain methods have been developed 
for simplifying this calculation. The 
most simple method, which does very well 
for ring type transformers, is to neglect 
the leakage flux altogether.4 Another 
method assumes an experimentally de- 
termined flux, approximately related to 
an average value of leakage flux, to flow 
in the whole core.’ These methods are 
not suitable for general use, because they 
do not use the real magnitude and dis- 
tribution of the leakage flux. 


IV. Combination of Best Features 
of All Methods 


Giving first consideration to the funda- 
mental soundness of the method, we can 
say that the method should— 


1. Consider division of the core into several 
parts, as discussed in II with different leak- 
age fluxes in the different parts. 


2. Base the distribution of the leakage flux 
and the division of the core, on values of 
leakage flux actually existing in the core as 
measured by exploring coils (figure 2). The 
exploring coil can be simply ten turns of fine 
wire. 


Giving second consideration to the as- 
pects of economics and convenience, we 
can say that the method should not divide 
the core into more parts than is necessary 
for the required accuracy. Here a good 
deal of experience is required. Any par- 
ticular division of the core into any finite 
number of parts is an empirical device, 
and can be justified only by general ex- 
perience which shows that it works. The 
final result cannot be shown, in any rigor- 
ous way, to be the best possible result. 

It will help to remember the primary 
objects of the investigation, and to make 
the division of the core accordingly. The 
first object is to calculate an error that is 
at least as large as the real error, to be on 
the safe side. The second is to get con- 
sistent results, to be able to compare 
transformers on a true basis. The first 
object can be obtained if the average 
flux values in each part of the core are 
taken to be sufficiently large, even if the 
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core is not too well divided. The second 
object will be obtained if the flux meas- 
urements are made in the same way on 
all transformers of the same type. 

Of course, we do not want to calculate 
an error too much larger than the true 
value. This is the disadvantage of not 
dividing the core at all, but considering 
the measured value of leakage flux to flow 
in the whole core; the calculated error will 
always be too large. 

Division of the core into two parts, 
with the real leakage flux measured by 
exploring coils, is a compromise which the 
test results to be cited, and other tests, 
show to be suitable for general use with 
dry type transformers. This compromise 
is, however, definitely not fundamental; 
the general method to be described can be 
used with any desired division of core. 

When the ratio error exceeds five per 
cent, the iron is usually working near 
saturation, and much of the leakage flux 
which is in the iron at normal flux densi- 
ties leaves the core at the higher density 
and completes its path in the air leaving 
less flux in the core than would be ex- 
pected. The result is that this method 
of calculation will give errors which are 
considerably too large when the error 
exceeds five per cent. As the method is 
conservative, it is still useful. 

Actually less than the value of flux as 
measured by the exploring coil shown in 
figure 2 exists in practically all of the core. 
It is obviously conservative to assume 
that it exists in the half of the core which 
is outside the primary coil. Mr. Sinks 
has shown that the leakage flux at the 
center of the core inside the secondary is 
effectively reversed to the leakage flux in 
part of the core just outside the second- 
ary. Areasonable assumption, confirmed 
by tests, is that the average effective value 
of leakage flux in the inside half of the 
core is zero, and that the only flux to be 
considered is the working flux. 


V. Simplification of Numerical 
Work 


The proposed method of determining 
the leakage flux and its distribution does 
not solve a real difficulty attending the 
problem—the amount of numerical work 
for a solution. 

Several short cuts have been worked 
out which do not detract from the accu- 


racy of the calculation. These are: 


1. Substitution of equivalent reactance for 
the leakage flux. It can be shown (appen- 
dix I) that the transformer with magnetic 
circuit divided into two parts, one with, one 


without, leakage flux, can be represented by 
the equivalent circuit of figure 4, where the 
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Figure 1. The leak- 
age flux passing in 
the space through 
and between coils 
completes its path 
through the core 


The leakage flux is 
relatively large in a 
current transformer 


ASSUMED APPROXIMATE 
EQUIVALENT REAL DISTRIBUTION 
. DISTRIBUTION OF FLUX 


reactance X , corresponds to the leakage flux 
and can be determined from the exploring 
coil voltage at normal current by—(see 
appendix IT) 


T,=secondary current 
R,=secondary coil resistance 
N;, Ne=number of turns in the secondary 
and exploring coils, respectively 
E,=induced voltage in the exploring 
coil 


(2). When the transformer is considered as 
the equivalent circuit in figure 4, the prob- 
lem of calculating primary (input) current 
from the secondary (output) current is 
simply vector algebra. The fact that we 
have limited the method to five per cent 
ratio error (approximately five per cent total 
exciting current maximum) justifies the 
assumption that the voltage drop in X,_z is 
not (1,—J,,)X z, (see figure 4) but 7,Xz, and 
the voltage on the number 2 exciting branch 
is I,(Z,+R,;+Xz,) (adding vectorially). 
The calculation of performance is then 
exactly as if the two exciting branches were 
two separate current transformers, one with 
burden Z,+R,, the other with burden 
Zy+R;+X 1, and the ratio and phase-angle 
errors will be the sum of the errors of the 
two. 


3. It is well known’ that the component of 
exciting current which produces ratio error 
is: 


F cos 6+ M sin @ 

F, M=watt reactive components of excit- 
ing current, respectively 

cos @=burden power factor 


This value, added to the secondary current, 
gives the primary current reversed. The 
formula is: 


per cent ratio: per cent turns ratio+ 
100 (F cos 6+ M sin @) 
Is 


JI;=secondary current 


Calculating the value of F cos 6+ 
M sin @ from the ordinary open-circuit sec- 
ondary saturation and power factor 
curves is not difficult, but calculation of 
a number of points is tedious. Now the 
ordinary saturation curve is plotted be- 
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tween exciting current, whichis V P+ M?, 
and secondary voltage. It is not much 
more difficult to plot F cos 6+MX 
sin 9 for a number of values of cos 8, in- 


stead of V F?-4+ M2, and the desired value 
can then be read directly. 


3438 


Phase angle = (M cos 6—F sin 6) 


8 


The phase-angle component is M cos 6— 
F sin 6, and a similar set of curves can be 
plotted for this value. 

Figure 5 is an example of such a set 
of curves for one transformer and figure 
7 is a set of F cos 0+M sin 6 curves for 
a different transformer. The log-log 
co-ordinates of figure 5 are more useful if 
the lower range of the curves is impor- 
tant. This idea was originated by A. M. 
Wiggins.® 

The data needed for calculating per- 
formance then are: 


(1). Saturation curves of the form FX 
cos 6+ M sin 6 and M cos @— Fsin 6 plotted 
against secondary voltage, for a number of 
values of cos @ (see figure 5). 


(2). Secondary winding resistance. 


(3). Leakage reactance X;,; measured ac- 
cording to appendix II. 


The procedure is: 


(1). Given burden and power factor, deter- 
mine the total burden on the right hand ex- 
citing branch of figure 4. (Burden-+sec- 
ondary resistance=Z,.) Also determine the 
sum of this burden+X ,, which is the burden 
on the left hand exciting branch. Z,+X,= 
Zz. (Vectorial addition.) 


(2). From these two values of burden in 
ohms and the secondary current, calculate 
the voltages on the two exciting impedances. 


Bile 
ly =e 
(3). From the F cos 6+M sin 6 curves, 


read values for Z,; and E, and find per cent 
ratio by— 


. 100 
per cent ratio=per cent turns mofo 


E cos 0+ M sin 6), (F cos 0+M sin *] 
7 + 
s§ Ts 
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16O9-k 


PRIMARY 


— SECONDARY 
Ng TURNS 


NexpLorINe colt 
Ny TURNS 


The subscripts 1, 2, refer to the two parts of 
the core; the division by 2 takes account of 
the fact that each component is for only half 
of the core, whereas the saturation curves 
are for the whole core. It will be noted that 
the exact turns ratio must be known. This 
ratio is often difficult to measure, but the 
manufacturer can always supply it. It may 
also be difficult to place the exploring coil on 
a transformer. This also is easy for the 
manufacturer, however. General use of 
this method will probably depend on the 
manufacturer’s measurements of exact turn 
ratio and leakage flux. 


a‘ 


; 3,438 
Phase-angle minutes = ear x 


(M sin 6—F cos 6); . (M cos 6—F sin | 
a 
Fr I; 


VI. Comparison of Tests and 
Calculations 


The constants which determine the 
performance of the transformer at a given 
frequency are: 


(1). 
(2). The secondary leakage reactance Xt 
measured according to appendix II. 


(3). The F cos 6+M sin @ and M cos 6— 
F sin @ curves for exciting current plotted 
against secondary voltage. 


(4). The burden. 


(5). The secondary current. 


The fact that this method gives correct 
results for ring type transformers, in 
which there is no leakage flux, has been 
amply demonstrated. 

The method has been demonstrated on 
several wound type transformers, and the 


The secondary coil resistance. 


OcToBER 1941, Vov. 60 


Figure 2. The most direct and 
simple as well as the most 
nearly correct method for de- 


termination of leakage flux is 
measurement by exploring 
coils 


The lengths L1 and L2 repre- 
sent relative (not absolute) 
lengths of the part of the mag- 
netic circuit which can be con- 
sidered to carry no leakage flux 
and all the leakage flux, re- 
spectively, in a through-type 

transformer 


EXPLORING COIL 
MUST BE ON BOTH 
LEGS OF THE CORE, AS 
ERRATIC MEASUREMENTS 
RESULT FROM A COIL ON 
ONE LEG ONLY, DUE TO 
SLIGHT DISPLACEMENTS 
OF THE PRIMARY 
CONDUCTOR. 


constants for one wound type and one 
through type transformer will be given, 
together with calculated and measured 
results. 


(a) Wounp-Type TRANSFORMER 
Secondary coil resistance: 


0.3 ohm. (R,) 


Secondary leakage reactance: 
Exploring coil voltage E, 0.148 in 10 turns 
(Nz = 10) 

At J;=secondary current = 5 amperes 
N,=secondary coil turns = 239 
From equation 7, appendix I 


0.148 X 239? 
——————_ }—0.31?=0.638 ohm 
5X10 
The F cos 8+ M sin @and M cos6—FX 
sin 6 curves are given in figure 5, 
The calculation of a given point is 
as follows: 


X= 


Secondary current =5 amperes 

Burden=0.6 ohm, 90 per 
cent power factor = 

Add R,; (secondary coil = 

(Z,=0.89 ohm, 96 per cent 
power factor) Z;= 

Burden voltage #,=4.45 


0.5447 0.262 
0.31 


0.85+7 0.262 


Add X;= 7 0.638 
Z2.=1.24 ohms 69 per cent ee 
power factor 0.85 70.9 


Burden voltage E,=6.2 
From figure 5, at H;=4.45, (F cos 0+ 
M sin 6); =0.0133 
at B=o2, (F cos 6-- 
M sin 0).=0.0229 


ie cent turns ratio =99.584-+- 
Per cent J199 (0,0133-+0.0229) 0.362 
pies Fa ol 5 ~ 99.946 
Test value = 99.89 
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The curves of figure 6 were calculated 
in the same way, and one who desires to 


may check them very rapidly by the use 
of tabular calculations. 


(b) THroucu-Typr (Two-Cor) 
TRANSFORMER 


Good results are generally obtained by 
dividing the core into two equal parts, 
in the case of a wound type current 
transformer, but the division should not 
be made quite this arbitrarily for a 
through type current transformer. If 
the length of magnetic circuit not en- 
closed by the coils is taken as the part 
carrying leakage flux, and the axial 
length of the coil is taken as the part not 
carrying leakage flux, better results are 
generally obtained. These two lengths 
are, more often than not, nearly equal, 
so that the final division is usually not far 
from division into two equal parts, but 
some designs are made with unusually 
long yokes which carry the leakage flux, 
and account should be taken of their 
length. The lengths of these parts of 
the circuit are usually easily measured, 
according to figure 2. 

The particular design in question was 
such that the core could be considered 
to be divided into equal parts. 


Nog-s 


CENTER ELEMENT 
Gene OF CORE 


REACTANCES EQUIVALENT TO SECONDARY COIL 
LEAKAGE FLUX Sega pe Rs 


BURDEN 


MAGNETIZING BRANCH 
REPRESENTING CENTER 
ELEMENT OF CORE 


The flux at the center of the core 


Figure 3. 

inside the secondary coil is actually less than 

enough to generate the total burden voltage, 

because the “leakage’’ flux passing through 

the body of the secondary coil actually links 

some of the secondary turns and induces a 
part of the secondary voltage 


This real reduction of flux in the center element 
of core can be represented exactly by a nega- 
tive series reactance or a capacitor C 


Each successive element of the core, starting 

from the center element, carries a greater part 

of the real leakage flux, represented by added 

series reactances, and the network is an accu- 
rate equivalent 
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SIMPLIFIED WORKING DIVISION 
FOR PRACTICAL CALCULATIONS 


Figure 4. A practical working equivalent for 
figure 3 is the two-branched network 


The curves for this transformer are 
given in figure 7. 

The secondary resistance was 0.345 
ohm. (R;,) 

The secondary turns (NV) were 280; 
ratio 1,400/5 amperes. 

Two exploring coils were used, one on 
each yoke of the core, ten turns each, in 
series as in figure 2 (N,=20). Erratic 
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results would be obtained from measure- 
ments on only one exploring coil, as only 
slight displacement of the primary con- 
ductor causes considerable shifts in leak- 
age flux, which has negligible effect on 
performance, but which causes consider- 
able difference in individual coil voltages. 

The total voltage of two exploring coils 
(E,) was 2.15 volts at J,=15 secondary 
amperes, and thus 


280 218 \ 
ree (= 4) —0.345?= 1.98 =2.0 
20 15 ohms 


The details of calculation need not be 
given, but the test and calculated data 
are— 


d 
Burden Current’ Per Cent Ratio Error_ 
Ohms Amperes Test Calculated 

A ines OSnceene 0.59 
ma ES { Uric cioIn BOs eetdere ste 4.5 

A ae Onl ene ee 0.28 
ZO cacsseisrs D0 erecreeretas BECO Sorta 3.1 

DB iiaiets tole Ay Dinka ss overtone 4.7 

AD foieta sista On 7 nui 0.75 
BO san ab { BD neater BG. ce ncadawts 5.4 


At larger currents, where errors are 
much larger, the test values do not agree 
with calculation. 

This design is typical of two-coil 
through type transformers, and the two- 
ohm equivalent internal reactance is also 
typical for this ratio. The burden may 
often be less than the equivalent internal 
impedance, so that the performance of 
the transformer may sometimes not be 
much affected by burden. 

If the ratio is higher than 1,400/5 the 
internal impedance will be higher, in- 
creasing approximately as the square 
of the ratio, and if the core section is in- 
creased the internal impedance will in- 
crease almost in proportion. The result 
is that a two-coil through type current 
transformer of conventional design will 
not perform well at primary currents 
much above 25,000 primary amperes, 
regardless of the amount of iron in the 
core. 


VII. Other Uses for Saturation 
Curves and Secondary-Coil 
Resistance Data 


(1) TRANSIENT PERFORMANCE 


The use of the secondary coil resistance 
and saturation curve for determining per- 


Figure 5. F cos @+M sin @ and M cos 6 — 
F sin 6 curves for a typical transformer 


These are calculated from the watt (F) and 

reactance (M) components of the open-circuit 

secondary saturation curve. Cos @ is the bur- 
den power factor 
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fully described in previous papers.®)9 


(2) PARALLEL CONNECTION 


When current transformers are con- 
nected in parallel, the primary current of 
one of the transformers may be very low, 
or even zero. If it is very low, while the 
burden voltage is relatively high because 
of current supplied by the other trans- 
formers in parallel, the effective burden 
impedance (:volts/current) is very high, 
higher than any usual burden, and the 
performance of the current transformer 
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PER CENT RATIO 
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Figure 6. Calculation versus test 


Wound-type current transformer calculated 
_ from figure 5, and secondary resistance = 0.31, 
leakage reactance 0.638 


at such a burden will seldom be given 
by the standard performance curves. 
The performance can then easily be de- 
termined by the method given. 

If the primary current is zero (primary 
Circuit open) the exciting current drawn 
by the dead current transformer can be 
read from the same saturation curve, and 
its effect on the current supplied to the 
burden calculated in the same direct way. 


VIII. Constants Determining the 
Excellence of a Current 
Transformer 


The real excellence of a current trans- 
former is determined by examination of 
ratio and phase-angle data. However, 
it is not economical, as has been pointed 
out, to measure ratio and phase angle at 
every possible condition, and comparison 
of overcurrent data on two current trans- 
formers is usually awkward, and often 
inconclusive. 

When current transformers operate 
relays, ratio errors of less than five per 
cent are usually of no consequence. The 
power factor of the total burden with the 
usual relays will be in the neighborhood 
of 60 per cent. If the primary current is 
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the common figure of 10 times normal, 
or 50 amperes secondary current, 
F cos 6+M sin @ must be 2.5 to pro- 
duce an error of 5 per cent. Then the 
magnitude of the voltage, according to 
the F cos 0+ M sin @ curves, at which 
Fcos6+M sin @ will be 2.5 is one general 
measure of the excellence of the current 
transformer (see figure 5), 

The resistance of the secondary wind- 
ing and the equivalent value of X, de- 
termine how much must be added to the 
connected burden to determine how much 
burden the transformer has to carry. 
Hence these figures also are measures of 


cuit for calculations which includes an 
internal reactance. This simplifies the 
calculation, and isolates and defines a con- 
stant of the transformer: the equivalent 
internal reactance of a current trans- 
former is that reactance which as burden 
would require an additional flux equal to 
the maximum measurable value of leak- 
age flux in the core. A formula for the 
reactance in turns of exploring coil meas- 
urements is included. 

The errors in the method are on the 
conservative side. The real exciting cur- 
rent is less than the calculated value, and 
at the higher values, corresponding to 


Seeeeooe 


SECONDARY VOLTAGE —RMS SINE WAVE 


ie} 0.4 0.8 Le 1.6 2.0 


24 


2.8 3.2 3.6 4.0 4.4 4.8 


SECONDARY CURRENT — RMS AMPERES — F COS 6 + M SINO 


the excellence of the current transformer. 
Thus two indices of excellence which 
can be readily compared are: 


(1). Secondary voltage at which 
F cos 6+M sin 6 for 60 per cent power 
factor is 2.5. 


(2). Internal resistance and reactance. 
IX. Conclusions 


A simple method for calculation of cur- 
rent transformer performance has been 
developed. It is not new in fundamental 
principles, but it is an improvement and 
simplification of the most accurate exist- 
ing method.’ 

It is more direct in its use of leakage 
flux; it uses a real measured value in its 
calculations; furthermore, the measure- 
ment of flux is easily done with exploring 
coils without other special equipment. 
The exploring coil can be threaded 
through the space between core and coil 
in many transformers, especially older 
models. 

The method is flexible. If further ex- 
perience shows the necessity for further 
division of the core, two sets of exploring 
coils can be used with a division of the 
core into three parts. It can be made to 
be as accurate as desired. 

It proposes a simple equivalent cir- 
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Figure 7. F cos 6+M sin @ curve for a 
through-type current transformer 


F cos @+M sin @ is the component of exciting 
current which must be added to the secondary 
output current to get primary input current re- 
versed (1/1 ratio basis). Example: burden 
four ohms at 80 per cent power factor, 
secondary current 50 amperes, exciting current 
(from curve) at 4X50=200 volts=1.8 am- 
peres. Primary current reversed=51.8, 
ratio= 100 (51.8/50) =103.6 per cent 


saturation of the core, where the ratio 
error usually exceeds five per cent, the 
calculated ratio error is usually much 
too high. Thus, the method is useful 
even where it is not too accurate. 

Curves are proposed for simplification 
of the vector algebra. This expedient 
is of great value when many calculations 
are to be made. However, this part 
of the method is not essential. Any cor- 
rect method of vectorially adding ex- 
citing current to secondary current can 
be used. 

The performance under transient con- 
ditions, at unusual burdens or currents 
(including performance of parallel trans- 
formers) can all be determined from the 
characteristics listed above, using avail- 
able methods®” for transient performance, 
and the method described above for per- 
formance at unusual burdens or currents. 
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The performance of a current trans- 
former is shown to depend on a few simple 
constants of the transformer: 


(1). Internal resistance 
(2). Internal reactance as defined 


(8). Open-cirewit saturation curve 


Comparison of (1), (2), and one point 
on curve (3) allows formation of judg- 
ment about the relative excellence of 
transformers. 


Appendix |. Equivalent Circuit 
for Current Transformers 


An inductance burden on a current trans- 
former requires a voltage 90 degrees ahead 
of the current, and as the flux to induce the 
voltage is, in turn, 90 degrees from the volt- 
age, the flux is in phase with the primary cur- 
rent. So we may say: 


1. The flux required by an inductive burden is in 
phase with the primary current. 


Furthermore, it is well known that— 


2. The leakage flux is also in phase with the pri- 
mary current. 


We can combine statements (1) and (2) 
and say—the flux required by an inductive 
burden has the same phase position as the 
leakage flux. 

As both fluxes are directly proportional 
to the current, they are equivalent fluxes, 
and the leakage flux can be represented, if 
desired, by an equivalent inductance in the 
burden. 

As shown by Mr. Sinks,’ the leakage flux 
at the center of the core inside the secondary 
coil has, in effect, a negative value, but has 
higher values in each succeeding element of 
the core. For purposes of analysis, we can 
separate the core elements and represent 
each one by an equivalent exciting branch. 
The fact that each element carries a certain 
leakage flux can be represented by an equiv- 
alent inductance in series with the current 
circuit, as in figure 3. The fact that the 
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leakage flux at the center corresponds to a 
negative inductive reactance is represented 
by a capacitance in series with the first 
branch. 

For practical work in which the core is 
divided into only two parts, one of which is 
assumed to carry no leakage flux, the circuit 
takes the simpler form shown in figure 4, 
in which the series equivalent inductance is 
determined according to appendix IT. 


Appendix {!. Exploring Coil for 
Flux Determination 


If the secondary winding of a current 
transformer is short-circuited, the total real 
linkages of flux with the secondary coil are 
just enough to circulate the current against 
the resistance of the winding. This flux 
can be calculated as an equivalent flux ¢; 
which links all the secondary turns. 


eRe 


Oe 4 Af, (1) 
I;, Rs, Ns=secondary current, coil resist- 
ance, and turns, respectively. 

This amount of flux may be considered as 
a working flux flowing all around the core. 

If an exploring coil is placed on the outer 
part of the core at a point where leakage flux 
exists, it will develop a voltage correspond- 
ing to ¢, plus (vectorially) the leakage flux 
GL. 

The exploring coil voltage will be— 


E,=4.44(¢s+jbr)fN210-° (2) 


j expresses the fact that the vector ¢, is at 
right angles to the vector ¢;. In absolute 
values, 


E,108 \?2 a 
=A\V/ oe -+or (3) 


4.44fNz 
E,10° \?2 

p = et es ae 2 
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wn ¥( ) af ‘) (5) 
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Wentz—Current-Transformer Calculation 


The leakage flux ¢, can be expressed as an 
equivalent reactance referred to the second- 
ary winding of N, turns and peak current 


V2 Is 
_ 2nfNso110—* 


AXAr= 
OE Nal: 
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Synopsis: Two methods of identifying 
three-phase conductors, voltages, and cur- 
rents are in general use today. One method, 
used extensively on power systems and based 
on 30° voltage relations, is called ‘‘standard”’ 
nomenclature.'3 The other method, used 
frequently for analytical purposes and based 


on 90° voltage relations, is called ‘‘sym- 


metrical”? nomenclature. 
The following advantages of the sym- 
metrical plan are discussed: 


It is easier to use. 

It identifies single-phase currents. 
It requires fewer angles. 

It is universal. 

It is symmetrical. 


OUR ee 


Introduction 


HE transformations most commonly 

used on three-phase power systems are 
the delta-Y and Y-delta connections 
which always introduce voltage phase 
shifts in the circuit, and the delta-delta 
and Y-Y connections which sometimes do. 
It is important to operating and design 
engineers that the voltage phase position 
of each terminal and conductor be identi- 
fied by some arbitrarily adopted system 
of nomenclature. Such identification be- 
comes more and more necessary as the 
number of successive transformations is 


“increased. 


The two nomenclature methods in gen- 
eral use are contrasted in figure 1 for a 
delta-Y transformation. Corresponding 
symbols are assigned to conductor-to- 
neutral voltages which differ by 90° in the 
symmetrical plan, and to voltages which 
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differ by 30° in the standard plan. Both 
methods are expanded in figure 2 to pro- 
vide a comparison with several varia- 
tions of delta~-Y and Y-delta connections. 
The two plans are identical with reference 
to delta-delta and Y-Y transformations, 
so these are omitted for the sake of 
brevity. Balanced voltage with counter- 
clockwise (ABC) sequence is assumed 
throughout. 


Ease of Application 


A simple ABC rule facilitates the ap- 
plication of symmetrical nomenclature 
to all delta-Y and Y-delta transformer 
connections. For example in figure 2a, 
Y conductor A always corresponds with 
delta conductors B and C regardless of 
whether the connection is delta-Y or Y- 
delta, or whether the polarity is additive 
or subtractive, or whether the voltage 
displacement is lagging or leading. There 
is no exception to this easily remem- 
bered rule. 

The rule for application of standard 
nomenclature is more complicated as il- 
lustrated in figure 2b, for sometimes Y 
conductor B and sometimes Y conductor 
C, corresponds with delta conductors B 
and C. This variability not only makes 
the rule more difficult to remember and 
use, but it renders standard nomen- 
clature incapable of identifying single- 
phase fault currents 


Fault-Current Identification 


This same ABC rule positively identi- 
fies the flow of single-phase fault or load 
current through delta-Y and Y-delta 
transformations, if symmetrical nomen- 
clature is used. For example in figure 3a, 
conductor A always supplies 100% cur- 
rent to a fault between conductors B and 
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C on the load side of the transformation. 
Conversely, conductors B and C always 
supply 100% current if the fault occurs 
on conductor A, There is no exception 
to this simple rule. 

Figure 3b illustrates the fact that such 
identification is impossible without sup- 
plementary data if standard nomencla- 
ture is used, for 100% current is some- 
times supplied by conductor B, and some- 
times by conductor C, through such trans- 
formations to single-phase faults between 
conductors B and C. 

This failure of standard nomenclature 
to provide definite current identification 
is a major limitation of the method which 
cannot be evaded by standardization of 
connections, for both lagging and leading 
connections are necessary in a series of 
transformations to cancel voltage shifts | 
and to obtain zero voltage displacement. 


Fewer Angles 


If either lagging or leading voltage dis- 
placement is allowed to accumulate in a 
series of transformations, only four kinds 
of three-phase voltages can result, such 
that parallel operation between circuits 
with different kinds is impossible. These 
four kinds are interpreted quite logically 
by the symmetrical plan to be the four 
multiples of 90°, as illustrated in figure 
4a. 

In such a series, the displacement be- 


SYMMETRICAL 


(A) 


peg 3 
i 
b) 


STANDARD 


Figure 1. Symmetrical versus standard plan 
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90° LEADING 
VOLTAGE 
DISPLACEMENT 


90° LAGGING 
VOLTAGE 
DISPLACEMENT 


Figure 2. The sym- 
metrical plan is 
easier to use 
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(A) SYMMETRICAL 


tween the same four voltage diagrams is 
interpreted at 30° intervals by the stand- 
ard plan to present the illusion of twelve 
phase positions, as illustrated in figure 
4b. The eight additional angles do not 
describe new phase positions, but merely 
represent rearrangements of symbols on 
the original four voltage diagrams. The 
use of such electrically duplicate angles, 
differing by 120° multiples, provides op- 
portunity for confusion and error, and 
also destroys the ability of standard 


A 100% lige B 
B 50% Cc 
A 1007 BS. Cc 100% 
B 50% A 50% 


100% 


50% 
50% 


ae 
i ; i 
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50% 
50% 

Cc 100% 100 % 


ae 
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A oO ey 0) 
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Cc 1007 ~ : B 100% 
Re Yj : oe 
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P 5 b. 
‘ plan, either conductor B 
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b) STANDARD 


nomenclature to identify conductors with 
voltages that are in phase. 


Universality 


Situations frequently occur in practical 
applications where standard nomenclature 
fails to identify the conductors which 
must be interconnected for parallel opera- 
tion. The connection diagram in figure 
5b illustrates such a case where 4 kv con- 
ductor A originating in one substation 


WS3-3 


100% b 
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50% 
Basx 
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Figure 3. Thesymmetrical 
plan identifies single-phase 
currents flowing through 
delta-wye and wye-delta 

transformations 


With the symmetrical 
supplies 100 per cent 
current to BC fault 

With the standard 

or C may supply 100 per 


cent current to BC fault 
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must be connected to 4 kv conductor B 
originating in another substation, B to 
C,and Cto A. Although all connections 
in the diagram are uniform and correct, 
the standard method of nomenclature 
causes confusion in the identification of 4 
kv bus conductors. Circuit connections 
of this nature can occur in actual practice 
as a result of placing the 66 kv trans- 
formers back to back to reduce substation 
costs, or as a result of attempting to main- 
tain uniform geographical phase sequence 
in all substations, such as phase sequence 


1153-4 
Cc A B B e 
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Figure 4. The symmetrical plan requires 


fewer angles, contains no duplicates 
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a. With the symmetrical plan, circuits are 
always paralleled by connecting conductor A 
to A, Bto B, Cto C 
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b. With the standard plan, it is sometimes 
‘necessary to connect conductor A to B, Bto C, 


CtoA 


Figure 5. The symmetrical plan is universal 


ABC from north to south and from east 
to west. Such situations usually cannot 
be tolerated for safety, relaying, and other 
reasons and must be carefully avoided if 
standard nomenclature is used. 

The symmetrical method does not have 
such limitations for conductors with in- 
phase voltages are always identified by 
corresponding symbols. For example in 
figure 5a, 4 kv conductor A originating in 
one substation is connected to 4 kv con- 
ductor A from the other substation, B to 
mBeand C toc. 

Symmetrical nomenclature is universal 
to the extent that it can always be ap- 
plied without confusion to all conductors 
of a three-phase network, regardless of 
the sequences of delta and Y connections 
which may be used, and regardless of the 
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number of interconnections and loops 
which may be added. It is the only 
nomenclature plan by which all in-phase 
delta and Y voltages on a three-phase 
network of unlimited complexity can be 
identified by the same symbol. 


Symmetry 


The symmetrical plan is based on the 
interpretation that all delta-Y and Y- 
delta transformations cause either +90° 
or —90° voltage displacement, and that 
all delta-delta and Y-Y transformations 
cause either 0° or 180° displacement. 
The symmetry of this classification is con- 
trasted in figure 6 with the lack of sym- 
metry of the standard classification. 

The mathematical advantage of using 
such diametrically opposed groups is 
apparent in the treatment of polarity re- 
versal or the equivalent connection re- 
versal, for according to the symmetrical 


+90° 


180° 


— 90) 
(a) SYMMETRICAL 


plan the effect of such reversal is always 
interpreted to be 180° displacement of 
voltage. If standard nomenclature is 
used, it is necessary to resort to the odd 
interpretation that such reversal causes 
180° displacement in case the connection 
is delta-delta or Y-Y, but only 60° dis- 
placement if the connection is delta-Y or 
Y-delta. This anomaly results from the 
use of 30° angles to describe voltage phase 
shifts, and is the cause of many confusing 
situations in power transmission and dis- 
tribution work, 

The use of operator 7 is well developed 
in electrical engineering mathematics and 
fits perfectly with the symmetrical inter- 
pretation that the three-phase voltage 
displacement resulting from transforma- 
tions is always a multiple of 90°. Change 
from standard to symmetrical nomencla- 
ture is accomplished by merely inter- 
changing symbols on conductors and vec- 
tor-diagrams after delta-Y and Y-delta 
transformations. It involves no change 
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formations in 


after delta-delta and Y-Y transforma- 
tions; no change in physical connections; 
no change in vector diagram procedures; 
and no change in the use of arrows to 
identify instantaneous values. 


Conclusions 


The symmetrical plan of identifying 
three-phase conductors, voltages, and cur- 
rents is worthy of more extensive use to- 
day and in the future because of the fol- 
lowing advantages over the standard 
plan: 


1. It is easier to use because symbols are 
applied by means of simpler rules. 


2. It identifies the conductors which 
supply current through delta-Y and Y- 
delta transformations to single-phase faults 
—an impossibility by means of standard 
nomenclature. 


38. It requires only four angles—the four 
multiples of 90°—to interpret all three- 


Figure 6. Symmetrical nomen- ed tis 
clature is based on the classifi- ye 
cation of all three-phase trans- 
symmetrically jgo° 0° 
related groups 
— 30° 


(b) STANDARD 


phase voltage displacement phenomena re- 
sulting from transformations. Standard 
nomenclature requires twelve angles—the 
twelve multiples of 30°—to accomplish the 
same purpose. 


4. It is universal; it can be applied to 
transmission-distribution systems with un- 
limited delta and Y sequences and identify 
the conductors which must be intercon- 
nected for parallel operation. The standard 
plan sometimes fails to provide correct 
identification. 


5. Mathematical advantages result from 
its perfect symmetry and the exclusive use 
of 90° multiples. 
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The Recovery-Voltage Analyzer for 


Determination of Circuit Recovery 


Characteristics 


G. W. DUNLAP 


ASSOCIATE AIEE 


Synopsis: Widespread interest in transient 
recovery voltage phenomena has led to the 
development of a device for determining the 
recovery characteristics of circuits and ap- 
paratus. The problem was solved by mak- 
ing use of the multiple surge testing tech- 
nique which, in turn, involves the use of a 
low voltage repeating type surge generator. 
This paper describes the method and neces- 
sary equipment and indicates the range of 
conditions to which they may be applied. 
Demonstration tests on miniature and full 
scale circuits are also shown. 


HEN a current flowing in a circuit 

is interrupted, the voltage across the 
interrupting device rises or ‘“‘recovers” 
rather rapidly in some characteristic wave 
shape from zero to the normal open cir- 
cuit value. This phenomenon which has 
been defined as the ‘“‘transient recovery 
voltage’” is illustrated in figure 1 where 
the voltage and current relations are 


Figure 1. Diagram showing appearance of re- 
covery voltage upon interruption of short- 
circuit current 


e—System voltage 
e@r—Recovery voltage 

i—Short-circuit current 
A—Point of fault application 
B—Point of current interruption 
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shown for the application and clearing of 
a fault on a hypothetical circuit. The 
characteristic wave shape is dependent 
on the connected circuit and may con- 
sist of an oscillation at one or more fre- 
quencies corresponding to natural fre- 
quencies of various parts of the circuit. 

The circuit interrupting device in per- 
forming its function of opening the circuit 
must contend with this voltage rise and 
must introduce insulation strength at a 
rate adequate to meet the stress of the 
rising voltage. 

Since the comprehensive treatment of 
the subject in 1931 by Park and Skeats,} 
much has been written?**455 concerning 
recovery voltages and their effect on the 
performance of circuit interrupting de- 
vices. The importance of the “transient 
recovery voltage’ and ‘‘transient re- 
covery voltage rate’? is now quite gen- 
erally recognized and cathode-ray oscillo- 
graph measurements of these quantities 
are usually considered as part of standard 
test procedure for circuit breakers and 
other interrupting devices. Such meas- 
urements, though they involve expensive 
and time-consuming tests, are highly sat- 
isfactory and have proven of great value 
in the development work which has 
brought power circuit breakers to the 
present high level of performance. 


Frequently, however, it is desirable to 
know the transient recovery voltage 
characteristics of a circuit where it is not 
practical to make interruption tests or 
cathode-ray oscillograph measurements, 
or where a breaker is not yet installed. 


Figure2. Recovery- 
voltage analyzer 


Left to right, cath- 
ode-ray oscillo- 
graph, multiple-surge 
amplifier, multiple- 
surge transformer, 
and multiple-surge 
generator. Fore- 
ground, camera and 

mounting 
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Heretofore, the transient recovery volt- 
age of the circuit was calculated by meth- 
ods described elsewhere,’®’ or it was 
sometimes possible to set up and analyze 
the circuit in miniature.*10 Such meth- 
ods are dependent on a knowledge of the 
constants of the circuit in question. The 
accuracy of results is limited by the pre- 
cision of this knowledge which involves 
many values of bushing and bus capaci- 
tance that in general can only be approxi- 
mated. | 
By application of the multiple surge 
testing technique to the problem, a de- 
vice known as the recovery voltage ana- 
lyzer was developed. This analyzer per- 
mits the direct observation and measure- 
ment of the transient recovery voltage 
without full power interruption tests. 


Technique 


The multiple surge testing technique 
was developed as an adjunct to high-volt- 
age impulse testing and the oscillograph 
electric transient analyzer!!!? was built 
to utilize this method in the study of surge 
performance of a wide variety of appara- 
tus. To briefly review this technique, it 
consists of the application to a test piece 
of a succession of low-voltage surges of 
controlled shape. In precise time co- 
ordination with these surges there is pro- 
duced a series of sweep impulses for a 
cathode-ray oscillograph. When these 
voltages are put on the proper deflection 
plates of the cathode-ray tube, the suc- 
cessive surges superimpose on the tube 
screen and appear as a standing wave 
which may be viewed, traced, or photo- 
graphed. In this way high-speed tran- 
sient phenomena may be studied with the 
same facility had in reading steady state 
conditions with an ordinary voltmeter or 
ammeter. 

Since the transient recovery voltage is 
also this type of phenomenon, the appli- 
cation of multiple surge testing to the 
problem was a logical step. This appli- 
cation was developed along two lines. 
The resulting methods will be distin- 
guished by reference to them as the ‘‘sub- 
stitution method” and the “current in- 
jection method” respectively. 
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_ The substitution method was based on 
the idea of using the oscillograph elec- 
transient analyzer to determine the 
constants of an unknown circuit or alter- 
natively the constants of a simplified 
equivalent circuit. From these constants 
| the transient recovery voltage could be 
calculated or read from curves of the type 
proposed by Boehne.* The justification 
| of the method lies in the similarity of re- 
Sponse to an applied voltage surge, of 
electrically equivalent circuits; and this 
was demonstrated by showing the tran- 
sient responses of Boehne’s circuits® to be 
identical for a wide range of applied volt- 
age waves. Further demonstration was 
made by showing for the same wide range 
of waves that a full size power testing 
circuit with known constants behaved 
the same as a simplified equivalent cir- 
it built up in the laboratory from 
lumped constants. 

This method proved to be workable es- 
ecially where the constants of a circuit 
are desired as in setting up a miniature 
representation of a system. However, it 
was less convenient than the current in- 
jection method for general usage. 


. CURRENT-INJECTION METHOD 


This method has the advantage that 
the transient recovery voltage is shown as 
‘an oscillogram of the same type as that 
obtained by high-speed cathode-ray os- 
cillography in connection with interrup- 
tion tests. The usual measurements of 
frequency, amplitude, and rate of rise may 
be made directly from this oscillogram in 
the accepted manner. In addition the 
validity of the method is immediately 
“apparent and may be readily demon- 
strated by mathematical analysis. 

The method utilizes the device ordi- 
narily employed in calculations involving 
current interruption and demonstrated 
elsewhere!®!4; i.e., a current wave of 
the same shape as that which is consid- 
ered as being interrupted is injected into 
the circuit under study. The resultant 
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voltage is identical with that which would 
appear on actual interruption, and is 
therefore the recovery voltage. If inter- 
ruption of an alternating current at cur- 
rent zero is assumed, the injected cur- 
rent must be of sinusoidal form. How- 
ever, for the time interval during which 
the transient recovery voltage is of inter- 
est, a sine wave is essentially a straight 
line so the injected current may be of the 
form 7=constantXtime. Off-zero inter- 
ruption or interruption of d-c may also be 
simulated as will be described later; 
but the “ideal” interruption case is the 
most basic condition and the one on 
which most circuits will be comparable. 
This case will be considered in some de- 
tail. 

A current of the desired linear form may 
be obtained by connecting a source of con- 
stant voltage to a linear inductance. 
Practically this is done by discharging the 
surge generator capacitance of an oscillo- 
graph electric transient analyzer through 
a suitable inductance. Of course when 
this arrangement is used to control the 
current applied to a test circuit the induc- 
tance must be sufficiently large in rela- 
tion to the load so that there will be neg- 
ligible distortion of the current wave. 

Actually the problem was not as simple 
as it would appear. The inductance 
called for in the first design turned out to 
be too large and heavy for a portable 
equipment. It developed that a coil 
could not be built with low enough dis- 
tributed capacitance to prevent the pas- 
sage of an initial capacitance component 
of current which would appear asa “‘kick”’ 
at the beginning of the current wave. It 
was necessary to resort to a transformer 
in which the inductance could be utilized 
as before while the series capacitance path 
was virtually eliminated by electrostati- 
cally shielding the primary from the second- 


Figure 3 (left). Multiple-surge 
generator circuit and connec- 
tions for operation as a re- 

covery-voltage analyzer 


A. Multiple- 
surge generator 
1. Trip-impulse 

terminal 
9. Sweep-im- 


pulse terminal 

3. Surge terminal 

4, Ground termi- 

nal 

B. Multiple- 

surge transformer 
C. Test circuit 

D. Multiple- 

surge amplifier 

E. Cathode-ray 


oscillograph 
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ary. The same solution to the induct- 
ance problem was reached in England by 
Messrs. Trencham and Wilkinson! 4 
who applied their version of the oscillo- 
graph electric transient analyzer to the 
study of transient recovery voltages. 
Further details of technique will be- 
come apparent as the various units of the 
recovery voltage analyzer are described. 


Equipment 


The present developmental model of 
the recovery voltage analyzer is shown 
in figure 2 and the several parts are de- 
scribed below. 


a. MULTIPLE-SURGE GENERATOR 


This unit is a simplified oscillograph 
electric transient analyzer!!? The ac- 
tual circuit used is shown inside the 


dashed lines in figure 38. Briefly its func- 


tion is the generation of a succession of 
surges, the shape of which will depend on 
the elements connected to the terminal 
marked “‘surge.’’ Synchronized with the 
appearance of these surges there are avail- 
able at the terminals indicated, impulses 
for initiating the cathode-ray beam and 
for sweeping the beam across the screen 
at a predetermined speed. 

To give this result the circuit operates 
as follows: Thyratron 7; is fired once 
every cycle of supply voltage by a peak- 
ing transformer connected to its grid. 
This provides a series of positive im- 
pulses at the ‘‘trip” terminal to initiate 
the cathode-ray beam and at the grid of 
thyratron 7; to trip the surge in synchro- 
nism with the sweep voltage produced by 
the current flowing through the variable 
resistance R and the capacitor C, during 
the conduction period of 7;. The series 


Multiple-surge amplifier circuit 


Figure 4. 


TRANSACTIONS 959 


CIRCUIT | 


WU4ds- 5 


1204 eh 


330 uf 
2360. 


CIRCUIT 2 


479 wh 
0235 uf i 
1.449 


CIRCUIT 3 


l64uh 
0162 wf BP 
801. 


Figure 5. Lumped constant circuits for demon- 
stration of recovery-voltage analyzer per- 
formance 


of surges is produced by the firing of 
thyratron 7; which discharges the main 
capacitance C, through the circuit con- 
nected to the ‘‘surge’” terminal. (C is 
charged through rectifier T) on each nega- 
tive half cycle preceding the firing of 73. 
Thus surges with synchronized beam con- 
trol and sweep impulses are produced 
sixty times per second. This gives on the 
screen of the cathode-ray tube a station- 
ary image of sufficient steadiness and 
brightness for viewing or photographing 
over the full range of sweep speeds giving 
sweep times of from 5 to 1,000 microseconds. 


b. MULTIPLE-SURGE TRANSFORMER 


The transformer is actually a set of in- 
terchangeable iron cored coils which 
viewed from the load side give a range of 
inductances from 60 millihenries to 4.5 
henries. Each primary coil is electro- 
statically shielded by complete enclosure 
in a solid copper can with a gap between 
overlapping ends to avoid a ‘short cir- 
cuited turn. Experience showed that the 
shielding had to be very carefully de- 
signed to completely eliminate the objec- 
tionable ‘“‘kick’’ mentioned before. 

The function of this unit is the shaping 
of the wave to give the desired output of 
uniformly rising current surges. When 
the transformer is connected to the mul- 
tiple surge generator as shown in figure 3, 
therepeated surges are discharged through 
the primary winding. Since for the 
time increments involved, the voltage 
applied to the primary is essentially con- 
stant, and since the transformer is opera- 
ted well below saturation, the current 
flowing in the secondary is for the period 
of interest of the form i=constantX 
time. If the circuit to be measured is 
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Table |. Comparison of Calculated and 
Measured Recovery Characteristics, Figures 
5 and 6 

Quantity Calculated Measured 
Frequencies 
a gleRe S PORTO 8,000 cycles... 8,300— 8,400 cycles 
FG coal te hones 47,500 cycles. . .48,000—48,500 cycles 
Siete ees. onary y 98,000 cycles. . .97,000-98,000 cycles 
Amplitude’ratios (inductance ratios) 
Ai Baa) gis vene ie 2.5 fips 2.1 
Ag 
pate eae 7.3 aged 5.8 
As 
Eo aa 2.9 Ba OES 
As 
._ Ede 
Damping —— 
ping Edi 
Circuit 172; 0.94 0.93 
Circuit 2). . 0.97 0.87 
Circuit 3... 0.97 0.88 


Nore: Subscripts refer to the circuit with which 
the component indicated is associated. 


E¢2 and Ed: were measured between envelopes at 
times corresponding to $2 and ¢i respectively. 


connected across the secondary, the cur- 
rent, controlled in form for all practical 
purposes by the transformer alone, will 
flow in the circuit and produce the de- 
sired response, 

Since itis only necessary that the load- 
ing effect of the test circuit be negligible, 
the lower inductance transformer con- 
nections are used in conjunction with low 
impedance circuits in order to obtain a 
practical maximum of response. On the 
basis of inductance magnitudes available, 
circuits of up to 20 ohms impedance may 
be studied. 


c. MULTIPLE-SURGE AMPLIFIER 


In order to keep the size and required 
power of the outfit within reasonable 
limits, it was found necessary to amplify 
the voltage waves appearing across the 
circuit to be measured. The amplifier 
was specially designed for this applica- 
tion and is shown diagrammatically in 
figure 4. It has an overall amplification 
of 180 times which falls off less than 10 
per cent for frequencies down to 10 cycles 
per second and up as high as 500,000. 
Tests with the oscillograph electric tran- 
sient analyzer showed that standard 11/.x 
40 waves would be passed by the ampli- 
fier without measurable distortion. The 
output voltage is linear with respect to 
input up to 230 volts crest, while at 300 
volts crest the output is only 8 per cent 
below the linear value. It might be noted 
that 230 volts gives full scale deflection 
on the cathode-ray oscillograph used. 
The input of the amplifier has a suffi- 
ciently high impedance so that the effect 
on the performance of the test circuit is 
negligible except in rare cases where 
50,000 ohms shunt resistance will cause 
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Figure 6. Recovery-voltage analyzer records 
obtained with the circuits of figure 5 


Circuit 1 

Circuit 2 

Circuit 3 

Circuits 1 and 2 
Circuits 1 and 3 
Circuits 2 and 3 

. Circuits 1, 2, and 3 
40-Kce timing wave 
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noticeable damping, or where 100 micro- 
microfarads additional capacitance will 
change the frequency appreciably. The 
amplifier contributes to the effective 
equipment capacitance which is about 
this value. 


d. CATHODE-RAyY OSCILLOGRAPH 


The oscillograph used has a medium 
persistence screen 5-inch tube operated 
at 3,000 volts. All deflection plate leads 
are brought out directly to terminals and 
another terminal is provided which al- 
lows application of beam initiating im- 
pulses to the grid of the tube. 


e. CAMERA 


The camera used has an F2 lens with a 
6.5 inch focus front lens and gives a record 
approximately 1/4 the size of the actual 
image of the tube screen. Analysis of 
records is facilitated by projection of an 
enlarged image on a surface which may be 
provided with cross-section lines. With 
high-speed film good records may be ob- 
tained by exposures of 1/5 to 1/5 of a sec- 
ond, depending on sweep speed and beam 
intensity used. Of course, since the phe- 
nomenon appears on the tube screen as a 
standing wave, a slower camera could be 
used with correspondingly greater expo- 
sure, 


Operation and Performance 


a. CONNECTION AND MEASUREMENT 

As may be seen from its picture in 
figure 2, the equipment is quite portable 
and may be set up at any point where a 
measurement is desired. The only re- 


ELECTRICAL ENGINEERING 


}0-cycle power and access to the circuit 
© be measured, which must be deener- 
gized. 

_ The units are connected together and to 
the circuits as indicated in figure 3. If 
€ approximate impedance of the circuit 
is known as is generally the case, the 
proper combination of coils in the mul- 
tiple surge transformer can be selected 
immediately ; although if the impedance 
is not known, the operator is able with a 
little experience to make the selection by 
trial. With the equipment in place, meas- 
urements may be made directly and 
rapidly, since with the transient recovery 
voltage waves standing on the tube screen 
the effect of any change made in the cir- 
cuit is immediately apparent. 


b. PERFORMANCE ON LUMPED-CONSTANT 
Circuits 


As a general demonstration of the ana- 
lyzer performance, recovery voltage char- 
acteristics for the three lumped constant 
parallel L-C circuits of figure 5 singly and 
in various combinations are shown in the 
oscillograms of figure 6. It may be seen 
that the characteristic frequency, ampli- 
tude, and damping of each circuit as seen 
in curves A, B, and C are also present as 
component parts of the more complex 
waves of D, E, F, and G. Values meas- 
ured from these records are compared in 
table I with values calculated from the 
known circuit values of capacitance, in- 
ductance, and resistance. 

The comparison based on frequency, 
amplitude, and damping shows generally 
- good agreement. The maximum devia- 
tion in frequency is 5 per cent and this is 
in the case where the measured value is 
based on a single cycle. Since the ampli- 
tudes should be proportional to circuit 
inductances, the comparison is made be- 
tween inductance ratios and ratios based 
on y-axis intercepts of the voltage wave 
envelopes. Here again the measurement 
based on the single cycle is subject to some 
inaccuracy and the greatest deviation is 
about 20 per cent. For damping the 
greatest discrepancy of about 10 per cent 
is not unreasonable since no account was 
taken of the high frequency losses of the 
capacitor units. 

The oscillograms of figure 7 show the 
increased damping provided by the con- 
nection of resistance in parallel with cir- 
cuit No. 2. Calculation of damping for 
these conditions gives the same degree of 
agreement as found in table I. 

Calibration of the time scale for these 
records is obtained by connecting the ana- 
lyzer to a circuit with a known natural 
frequency. A 40 ke timing wave is in- 
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juirements are. a source of 110-120 volt 


cluded in both figure 6 and figure 7. 
Since it is only necessary that the current 
be of the desired linearity without restric- 
tion on the absolute rate of rise, the value 
provided by the most appropriate trans- 
former connection is used and a conven- 
ient voltage amplitude is obtained by 
adjusting the amplifier gain. The ampli- 
tude of the wave appearing on the screen 
is therefore arbitrary. In cases where ac- 
tual values of voltage are desired, a scale 


may be assigned by taking the axis of the | 


lowest frequency oscillation as equal to 
the crest value of the rated normal fre- 
quency circuit voltage. The determina- 


R=50 asl grees 
40 KC 
Figure 7. Recovery-voltage analyzer records 


showing damping effect on circuit 2 of parallel 
resistance of value indicated on each curve 


Figure 8. Connections for simulation of off- 
zero current interruption 


C,.—Multiple-surge generator capacitance 

R:;—Adijustable resistance 20,000 to » ohms 

e—Voltage measured with amplifier and 
oscillograph 

C—0.0018 microfarad 

1—1.35 millihenries 

R—®2 ohms noninductive resistor for current 
measurement 


tion of this axis may sometimes be facili- 
tated by introducing damping resistance 
as described in the preceding paragraph. 

The range of load conditions under 
which satisfactory performance of the 
analyzer may be expected was estab- 
lished by measurements on circuits of the 
above type with natural frequencies 
ranging from 1 to 250 ke and with in- 
ductances up to 50 mh. While in special 
cases some lowering of frequency or 
increase in damping may be caused by 
the loading of the circuit by the equip- 
ment itself, particularly the amplifier as 
mentioned above, it may be said that the 
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analyzer is adequate for the range of con- 


ditions which might be encountered in 
power circuits. 

An interesting sidelight in the study of 
transient recovery voltage characteristics 
is the extension of the current injection 
method to simulate pre-zero interruption, 
This may be done by adding a d-c compo- 
nent to the normal injected current and is 
accomplished electrically by providing a 
resistance path directly between the mul- 
tiple surge generator and the test circuit 
as shown in figure 8. Except that this re- 
sistance must be high compared to the 
load impedance, its magnitude may be 
varied to control the relative magnitude 
of the d-c component and hence the 
amount of pre-zero ‘‘chopping”’ simulated. 
Of course, if the ‘‘a-c’’ component is 
eliminated by disconnecting the second- 
ary of the multiple surge transformer, 
interruption of d-c will be simulated. 

A demonstration of the effect of pre- - 
zero interruption on the transient re- 
covery voltage is given by the oscillo- 
grams of figure 9 which were taken with 
the figure 8 circuit. The records of cur- 
rent were obtained by switching the ana- 
lyzer output to a 2-ohm non-inductive 
resistor. Since the only variable was the 
resistance R, the relative amplitudes of 
the voltage waves represent over-voltage 
conditions caused by pre-zero ‘“‘chopping.”’ 


c. PERFORMANCE ON ACTUAL POWER 
CIRCUITS 


A rather thorough check of field per- 
formance of the equipment was made on 
the test circuits of a high power switch- 
gear testing station where some sixty 
different circuit arrangements were stud- 
ied. Values measured from the analyzer 
oscillograms showed close agreement with 
those obtained from high-speed cathode- 
ray oscillograms taken during actual in- 
terruption tests, and in most cases with 
calculated values. Where there was dis- 
agreement between the calculated and 
analyzer results, the interruption test os- 
cillograms checked with the analyzer rec- 
ords. 

Typical transient recovery voltages are 
shown in the oscillograms of figure 10. 
Here analyzer records are superimposed 
on regular cathode-ray oscillograms and 
good agreement is shown. The small 
differences in the first part of the wave 
are due to modifications of the transient 
recovery by the circuit breaker used in 
obtaining the oscillograms. Also the 
method of determining the voltage calibra- 
tion for the analyzer records is illustrated 
in this figure. As described above the 
axis of the lowest frequency oscillation is 
taken as a voltage equal to the crest 
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Figure 9. Recovery-voltage analyzer records 
obtained with figure 8 connections showing 
effect of off-zero current interruption 


A. \oltage and current records, R= ~ inter- 
ruption at zero 

B. WVoltage and current records, R=200,000 

ohms, interruption 9 microseconds before zero 

C. Voltage and current records, R=20,000 


ohms, interruption 34 microseconds before 
zero 


value of the rated voltage of the circuit 
being measured. For A with a 4,200-volt 
circuit this value is 5.9kv. For the 8,400- 
volt circuits of B and C it is 11.9 kv. 

The analyzer has proven useful in de- 
termining the characteristics of test cir- 
cuits, particularly special high recovery 
rate arrangements where this information 
was desired in advance of interruption 
tests. Analyzer records may also be used 
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for comparison with conventional oscillo- 
grams to show modifications of the tran- 
sient recovery voltage caused by the in- 
terrupting device itself. In addition, it is 
frequently desirable to know the charac- 
teristics of individual circuit elements and 
application has been made to transform- 
ers and reactors, illustrations of which 
have been published by Bewley. 


Conclusion 


A portable device based on the multiple 
surge testing technique and utilizing the 
current injection method is now available 
for the determination of the transient re- 
covery voltage characteristics of circuits 
and apparatus in the laboratory or field. 
These characteristics are obtained in the 
form of oscillograms which are analogous 
to the regular cathode-ray oscillograms 
ordinarily taken during interruption tests. 
They may be measured and interpreted 
according to standard practice? in the 
same way that the conventional records 
are. The range of conditions under which 
satisfactory performance may be ex- 
pected includes natural frequencies from 
1,000 to 250,000 cycles per second and 
load impedances up to 20 ohms. 
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ntroduction 


> the modern interconnected power 
system the steam turbine governor 
plays a very important role. Its perform- 
ance has an important bearing on system 
stability, effect of load swings, tie line 
load control, frequency regulation, and 
other related phenomena. Consequently, 
within the last few years there has been 
an increasing interest in the subject of 
steam turbine governor performance. 
Numerous papers! dealing with this sub- 
ject presented at recent ATEE and ASME 
meetings provide ample evidence of this 
increased interest. These papers and the 
discussions which they have elicited reveal 
a need for improved means of obtaining 
complete and accurate measurements of 
turbine governor performance characteris- 
tics. 


Operating engineers and turbine gover- 
nor designers alike have felt the need for 
better measuring instruments. The prin- 
cipal concern of the central station engi- 
neer is the maintenance of a high quality 
of service for his consumers with the 
minimum operating cost. Accurate meas- 
urements of governor characteristics will 
often reveal imperfect operation and sug- 
gest means for improving performance or 
for increasing operating efficiency. The 
designer, on the other hand, is concerned 
with meeting the customer’s requirements 
as to the operating characteristics of the 
governor. He must also contend with 
such design problems as the stability of 
the governor as a speed regulator, and the 
elimination of spurious effects such as may 
be caused by friction, mechanical imper- 
fections in fly-ball governors, and by 
fluctuations in oil supply pressure in hy- 
draulic governors. As a result of the 
designer’s more recent efforts, the modern 
turbine governor has been developed to 
a point where existing measuring instru- 
ments are no longer adequate for deter- 
mining its performance. The art of tur- 
bine control has, in fact, progressed to a 
stage where further major improvements 
are dependent to a considerable extent 
upon greatly improved instrumentation. 


Previous instruments used for checking 
turbine governor performance have in 
general possessed limitations which leave 
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their accuracy open to question, or which 
render them inconvenient to apply and 
use. Ordinary graphic frequency meters, 
pressure recorders, and recording ta- 
chometers, although entirely satisfactory 
for the purposes for which they were in- 
tended, do not respond rapidly enough to 
measure accurately the characteristics of 
the modern turbine governor. In many 
instances instruments for measuring cer- 
tain essential quantities, particularly 
valve travel and hydraulic pressures, have 
been more or less makeshift, making their 
application to the turbine and the taking 
of simultaneous observations a difficult 
and irksome undertaking. 

It is the purpose of this paper to de- 
scribe a completely coordinated set of re- 
cording instruments which have been 
especially designed for analyzing the per- 
formance characteristics of steam turbine 
governors. These instruments are char- 
acterized by their wide range of measure- 
ments, their sensitivity, and by their 
ability to follow changes many times more 
rapid than can be followed by usual re- 
cording instruments capable of measuring 
similar quantities.*:4 


General Requirements 


The important governor characteris- 
tics; namely, sensitivity (or dead-band), 
speed regulation—both static and dy- 
namic, speed of response, overspeed per- 
formance following a load dump, etc., can 
all be deduced from simultaneous meas- 
urements under appropriate conditions of 
instantaneous values of the following 
quantities: 

1. Electrical output of the generator. 

2. The mechanical travel of the turbine 
steam valve. 

8. Various hydraulic pressures within the 
governor. 

4. Angular velocity of the turbine shaft. 


In order to overcome the limitations of 
previous instruments for measuring these 
quantities, certain features which were 
deemed essential to satisfactory measure- 
ment of the important governor charac- 
teristics were incorporated in the new 
governor performance analyzer. Some of 
these features which are common to the 
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measurements of all the above quantities 
are: 


First, unity of design permitting the record- 
ing of all quantities, or any combination of 
them, on a single chart thus allowing visual 
correlation of the various quantities to each 
other and to time. 


Second, ability to record both direct and al- 
ternating components with frequency-re- 
sponse characteristics substantially flat 
from zero to 50 or 60 cycles per second if 
feasible. 


Third, provision of indicating instruments so 
that the average value of each quantity 
can be determined at a glance. 


Fourth, complete functional design so that 
makeshift and ‘‘haywire’’ set-ups can be 
avoided in the field. 


Fifth, complete portability permitting the 
instruments to be set up and uséd with equal 
facility in the laboratory, in the shop, or in 
the field. 


A sixth very desirable feature is the 
ability to record directly by pen or stylus 
on a paper chart, thus obviating the in- 
conveniences of photographic recording. 
However, no multi-element recorder hav- 
ing a sufficiently high frequency response 
is now available, and due to the urgency 
of the governor analyzer development, it 
was considered inadvisable to undertake 
the development of such a direct-writing 
recorder for this application. It was de- 
cided, therefore, to use the standard 
oscillographic method of recording at 
least for the present. Ifa suitable direct 
recorder should eventually become avail- 
able, the instruments to be described can 
be adapted to it with little difficulty. 


Generator Output 


For measuring electrical load delivered 
by the generator, it was thought desirable 
to provide various full scale ranges con- 
veniently spaced between 1 and 200 mega- 
watts with an accuracy of measurement of 
the order of +2 percent. The decision to 
use a standard oscillograph made the re- 
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Figure 1. Valve travel recorder 


A—Small pulley, B—large pulley, C—friction 

clutch, D—shaft, E—traveling nut, F—double- 

lever system, G—ratio-adjusting thumbscrew, 
H—magnetic strain gauge 


cording of electrical load a simple matter, 
since there is already available a poly- 
phase average watt oscillograph galva- 
nometer which measures true watts in 
three phase circuits. The accuracy of 
this element is of the order desired, and 
the frequency response adequately meets 
the requirements, being flat to about 30 
cycles per second, down approximately 10 
per cent at 40 cycles per second, and down 
about 50 per cent at 60 cycles per second. 
The various full scale ranges can be ob- 
tained by using appropriate instrument 
transformers which are available in all 
central stations. 


Steam-Valve Travel 


The device for measuring turbine steam 
valve travel is illustrated in figurel. A 
steel wire with one end attached to the valve 
operating lever is wrapped around one of 
the pulleys with the free end of the wire 
spring-loaded to insure accurate follow- 
ing. As the operating lever moves, the 
pulley and the shaft rotate proportion- 
ately. The traveling nut at the end of the 
shaft converts the rotary motion into 
linear motion, which is transmitted to a 
magnetic strain gauge? through the double 
lever system illustrated. The levers are 
mounted on crossed spring pivots to 
minimize friction and to eliminate lost 
motion. 

Two pulleys are provided, one four 
inches in diameter and the other one inch 
in diameter. The smaller pulley can be 
exposed to use only by removing the large 
pulley, thus insuring the minimum 
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moment of inertia when using either 
pulley. The ratio of the lever system can 
be adjusted to any one of four values by 
moving the thumb-nut to the appropriate 


tapped hole in the lower lever. The four 
lever ratios and the two pulley sizes pro- 
vide a forty-to-one range of full scale 
motions. The instrument is propor- 
tioned so that valve motions of 0.2, 0.5, 
1, 2, 4, and 8 inches give full scale de- 
flection of the magnetic strain gauge. 
Motion of the strain gauge is converted 
into proportional variations of an electric 
current which are recorded by one element 
of the oscillograph. Thus the full travel 
of the largest steam turbine valve or 
operating piston, which may occur for 
example during a load dump test, may be 
recorded by the instrument as well as the 
minute motions of the order of 1/:.5 inch 
or less which occur during normal opera- 
tion of a highly sensitive governor. 

A spring-loaded friction clutch is inter- 
posed between the pulleys and the shaft. 
This clutch, operating in conjunction with 
a pair of pins in the base and shaft clutch 
plate respectively, limits the rotation of 
the shaft to slightly less than one revolu- 
tion. This feature serves to protect the 
instrument when the pulley is rotated 
through more than one revolution as may 
occur when the speed changer setting of 
the governor is shifted while the instru- 
ment is connected to the valve operating 
arm, 

The frequency response of the valve 
travel recorder is limited to a value some- 
what less than the natural frequency as 
determined by the inertia of the rotating 
parts of the recorder and by the stiffness 
of the wire connecting it to the valve 
operating lever. In order to obtain as 
high a natural frequency as possible with 
a particular wire, the force required to 
drive the recorder and its moment of 
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inertia have been kept as small as prac- 
ticable. The conversion of motion by the 
recorder into a proportional electric cur- 
rent permits mounting the unit very 
close to the valve lever so that a short 
and consequently stiff connecting wire 
may be used. With reasonable care in 
connecting the unit to the lever no dif- 
ficulty is experienced in obtaining sub- 
stantially flat frequency response to 60 
cycles per second or higher. 


Hydraulic Pressure 


The oil pressures of interest in measur- 
ing governor performance are (1) the 
main pump pressure, (2) the speed-sensing 
impeller pressure (in the oil governor), (3) 
the transformed pressure, and (4) the 
pressures acting on the top and bottom of 
the valve operating piston. In order to 
cover the range of instantaneous values of 
these pressures three full-scale ranges 
were considered necessary, as follows: 
One pound per square inch variation in 
any average pressure up to 75 pounds per 
square inch; five pounds per square inch 
variation in up to 75 pounds per square 
inch average; and 50 pounds per square 
inch variation in up to 150 pounds per 
square inch average. 

The device developed to measure these 
pressures is illustrated in figure 2. The 
pressure being measured is applied to the 
inside of a bellows, one end of which is | 
fixed while the other end is attached to a 
lever. The motion of the lever is re- 
strained by a stiff calibrating spring and 


Figure 2. 


Oil-pressure recorder 


A—Bellows, B—lever, C—calibrating spring, 

D—thumb nut for spring-force adjustments, 

E—needle valve for pressure gauge, F—pres- 

sure gauge, G—magnetic strain gauge, 
H—air drain 
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is measured by means of a magnetic 
strain gauge. The spring force can be 
adjusted by means of the thumb-screw 
to balance the force due to the average 
pressure within the bellows. 

Two different units are provided. One 
is used for the one-pound and five-pound 
full scale ranges, the shift from one scale 
to the other being made in the electric 
circuit associated with the strain gauge. 
The other is used for the 50-pound full 
scale range. The two units are identical 
except for the size of the bellows and the 
stiffness of the calibrating spring. Both 
are provided with gauges to indicate the 
average pressure. The natural frequen- 
cies of the units as determined by the 
spring stiffnesses and effective inertias of 
the moving parts are of the order of 140 
cycles per second for the low pressure re- 
corder and 170 cycles per second for the 
high pressure unit. With natural fre- 
quencies of this order the frequency re- 
sponses of the units will be flat to well 
above 60 cycles per second. 


Angular Velocity 


Although angular velocity of the tur- 
bine shaft is the quantity measured by the 
speed-sensing element of the governor, 
the ends of the shaft in many instances 
are not available for the attachment of a 
speed measuring device suitable for 
governor performance analysis. For this 
reason a small frequency-measuring syn- 
chronous motor driving two inductor 
generators is used. The motor is con- 
nected through a suitable transformer to 
the generator terminals so that its speed, 
within certain limitations to be discussed 
later, is an accurate measure of the gener- 
ator frequency. Except for a small error 
due to variations in phase angle between 
the terminal and generated voltages, the 
generator frequency is in turn propor- 
tional to the speed of the turbine. When- 
ever it is necessary to avoid the error and 
limitations just mentioned, provision 
must be made for driving the inductor 


Figure 3. Block diagram of frequency meter 
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Figure 4, The inductor gen- 
erators 


The 2,400-cycle generator is 
nearer the motor. A _ brass 
collar at the end of the rotor 
corrects for the unbalance 
caused by truncating the 60- 
cycle rotor 


Ne 


generators directly from the  turbo- 
generator shaft. The synchronous motor 
drive has the advantage of simplicity and 
also permits the frequency meter de- 
scribed below to be used for the investiga- 
tion of other problems not specifically 
related to governors, as for example, the 
relation between system frequency and 
tie line load variations. 


Two full scale ranges are provided for 
the frequency meter: a wide range scale 
extending from 50 to 70 cycles per second 
to be used, for example during load 
dumping tests to measure overspeed 
characteristics; and a sensitive scale 
giving full scale deflection for +0.25 cycle 
variation in a base frequency which may 
have any value between 59 and 61 cycles 
per second. In the instrument described 
below the sensitivity and accuracy are of 
the order of one per cent of the correspond- 
ing full scale ranges for the two scales. 


The general scheme of operation of the 
frequency meter, which is by far the most 
complicated of the governor analyzer in- 
struments, is illustrated by the block 
diagram, figure 3. One of the inductor 
generators produces a nominal frequency 
of 60 cycles per second for the wide scale 
range and the other generates a nominal 
frequency of 2,400 cycles per second for 
the sensitive range. As the turbo-gener- 
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ator frequency swings throughout the 
full range of the insensitive scale, the fre- 
quency of the 60-cycle generator varies 
between 50 and 70 cycles per second, and 
with constant excitation the generated 
voltage will vary proportionately. As it 
is desired to use only the frequency varia- 
tions, an integrating circuit is interposed 
between the 60-cycle generator and the 
measuring circuits to eliminate the volt- 
age variations. The output of this in- 
tegrating circuit is then a true frequency- 
modulated wave whose amplitude is con- 
stant and whose frequency varies through- 
out the full scale range. This frequency- 
modulated signal is amplified and applied 
to a carefully designed discriminator 
circuit which, for a constant input volt- 
age, gives an output proportional to the 
difference between the applied frequency 
and 50 cycles per second. The output of 
the discriminator is thus zero at 50 cycles 
per second, has a certain value at 60 
cycles per second, and has twice this 
value at 70 cycles per second. The effect 
of the discriminator, then, is to convert 
the frequency-modulated signal applied to 
it into an amplitude-modulated signal. 
This signal is further amplified, rectified, 
filtered, and applied to an oscillograph 
galvanometer. 

When using the sensitive scale the out- 
put of the 2,400-cycle generator is ap- 
plied to a modulator circuit together 
with the output of a variable frequency 
oscillator. As the turbo-generator fre- 
quency swings throughout the full range 
of the sensitive scale the frequency of the 
2,400-cycle generator will vary from 2,390 
to 2,410 cycles per second for a base fre- 
quency of 60 cycles per second. If the 
oscillator is adjusted to produce a fre- 
quency of 2,340 cycles per second the 
modulator output then will be a fre- 
quéency-modulated wave varying between 
50 and 70 cycles per second or throughout 
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the same range as the output of the low- 
frequency generator during full scale 
swings on the insensitive range. By this 
process the turbo-generator frequency 
variations are increased forty times from 
+(0.25 cycle per second in 60 to +10 
cycles per second in 60. The output of 
the modulator is amplified, converted to 
an amplitude-modulated wave by the dis- 
criminator, and recorded similarly to the 
output of the integrator circuit when 
using the wide range scale. The voltage 
of the 2,400-cycle generator also varies 
with the driving motor speed, but these 
variations are not multiplied up as are 
the frequency variations. For this reason 
the error due to them is insignificant and 
consequently it is unnecessary to inte- 
grate the output of the 2,400-cycle gener- 
ator. 

In order that the base frequency for the 
sensitive scale be adjustable between 59 
and 61 cycles per second, it is necessary 
that the oscillator frequency be adjust- 
able from 2,300 to 2,380 cycles per second 
to give the same modulator output wave 
at all base frequencies. The oscillator 
control dial is calibrated directly in terms 
of base frequency. 

It is evident from the foregoing dis- 
cussion that accurate measurement of the 
average value of frequency when using 
the sensitive scale depends upon the con- 
stancy of the oscillator frequency. Con- 
sequently, great care has been taken to 
provide a highly stable oscillator circuit. 
In addition, a small cathode ray tube is 
provided for constantly checking the 
oscillator frequency, by means of a 
Lissajous figure, against the frequency of 
a very stable 234-cycle tuning fork which 
forms part of the equipment. 

As implied above the oscillograph gal- 
vanometer will respond to voltage changes 
as well as to changes in inductor-genera- 
tor frequency. It is necessary, therefore, 
to minimize voltage variations in the 
measuring circuits due to power supply 
fluctuations and temperature changes. 
Various expediencies are used to accom- 
plish this end. The amplifier gains are 


Figure 6. The frequency meter 


Power-supply circuits are in the lower half 
and the measuring circuits are in the upper 


half 


stabilized by the use of large amounts of 
negative feedback. The discriminator 
circuit as well as certain other critical 
circuits are formed of stable elements 
with low temperature coefficients. The 
copper-oxide rectifier circuit is designed so 
that variations in resistance of the rectifier 
discs are insignificant. Finally, the volt- 
age applied to the field windings of the 
inductor generators is stabilized by a 
gaseous voltage regulator tube. As a re- 
sult of these precautions the oscillograph 
current varies less than 2 per cent of that 
corresponding to full scale range of fre- 
quency variation for ordinary room tem- 
perature changes and for power supply 
voltage fluctuations of 10 per cent. 

The inductor generators have several 
interesting and noteworthy features. To 
avoid erroneous readings it is essential 
that the wave shapes of the generated 
voltages be very nearly sinusoidal. Con- 
sequently, various arrangements have 
been used expressly to eliminate har- 
monics. As illustrated in figure 4, the 


two generators are combined in a single 
assembly, 


The rotor of the 60-cycle 
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generator consists merely of a short 
cylindrical section truncated at one end 
by a plane at a slight angle to the axis. 
With this arrangement the length of rotor 
under any axial element in the pole face 
varies as the sine of the angle of rotation, 
and the voltage generated due to a uni- 
form angular velocity is theoretically a 
sine wave. There is some distortion, 
however, mostly second harmonic, due to 
fringing of the flux at the edges of the 
rotor. This distortion is eliminated by 
using two diametrically opposed field 
structures with their windings connected 
so that the fundamental voltages add 
while the even harmonics cancel out. 


In the 2,400-cycle generator even har- 
monics due to flux fringing are eliminated 
by a push-pull field arrangement similar 
to that used in the 60-cycle generator. 
The third harmonic and its multiples are 
eliminated by making the circumferential 
pole width equal to one third of the rotor 
tooth pitch. Finally, the fifth harmonic 
and its multiples are eliminated by a suita- 
bly proportioned trapezoidal rotor tooth 
shape suggested by Mr. C. R. Hanna. 
Thus the only harmonics not taken care 
of in the design of the generator are the 
7th, 11th, 13th, 17th, etc. These are of 
such high order and have such small mag- 
nitude due to the smoothing effect of flux 
fringing that they are of no consequence. 


The response of the frequency meter to 
sinusoidal variations in turbo-generator 
frequency is shown in figure 5. Curve A 
in this figure represents the frequency 
response of the synchronous motor which 
drives the inductor generators and illus- 
trates the limitation mentioned earlier in 
connection with the relationship between 
motor speed and turbo-generator fre- 
quency. Mechanically, the motor con- 
sists of a rotating mass coupled to the 
revolving field produced by the voltage 
applied to the stator windings. The 
coupling is provided by the stiffness due 
to the synchronous torque of the motor 
and by the damping due to the squirrel cage 
winding on the rotor. Because it is not 
feasible to design synchronous motors 
with nearly perfect coupling, the response 
of the rotor to rapid variations in angular 
velocity of the revolving field is limited in 
the manner illustrated by curve A. This 
curve was computed, for the particular 
motor used, from calculated values of 
rotor inertia and damping and from a 
measured value of synchronizing stiffness, 
If better frequency response than this is 
required it will be necessary to couple the 
inductor generators directly to the turbine 
shaft. It is believed, however, that the 
response shown will be adequate in 
nearly every case. 
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Figure 7. A typical record taken with the 

turbine-governor analyzer from a modern 

hydraulic governor controlling a 35,000-kw 
3,600-rpm turbogenerator 


Curve B in figure 5 shows the measured 
frequency response of the electronic 
parts of the frequency meter including the 
oscillograph. This response is very nearly 
the same as that of the smoothing filter 
connected between the rectifier and oscil- 
lograph, indicating that this filter is the 
limiting element. The response of the 
electronic elements of the frequency 
meter, therefore, can be improved if 
necessary by using a more elaborate 
filter. . 

The assembled frequency meter is 
shown in figure 6. The meters on the 
panel indicate generator field current and 
average turbo-generator frequency, re- 
spectively. For simplicity of operation 
the controls have been kept to a mini- 
mum. They include the following: base 
frequency adjustment, generator field cur- 
rent control, range selector switch, oscil- 
lator vernier, and sensitivity control. The 
cathode ray tube for checking the oscil- 
lator frequency is in the center below the 
base frequency dial. The tuning fork and 
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the inductor generators with their driv- 
ing motor form separate units. 


Conclusion 


It has been demonstrated in several ap- 
plications of the new turbine governor 
performance analyzer to actual field 
tests that a minimum of time and effort 
is expended in both preparation for and 
during the tests. Furthermore, the in- 
formation obtained is complete and easily 
interpreted by anyone familiar with 
governor characteristics. Figure 7 is a 
portion of atypical record. A complete 
test procedure for the use of the instru- 


. ments was cutlined in a recent paper by 


A. F. Schwendner.® 

The instruments themselves are rugged 
and foolproof and can withstand con- 
siderable abuse. When not in use and 
during transit they are contained in five 
rugged carrying cases which improve the 
portability of the equipment. 

It is believed that extensive use of the 
new instruments will add greatly to the 
operating engineer’s knowledge of the 
characteristics of his governors, and show 
the governor designer the way to note- 
worthy improvements in design. 
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Synopsis: If ground fault coils are used in 
high tension overhead systems and under- 
ground cable networks, earth leakage relays 
may be employed to indicate the location of 
single ground faults. The influence of the 
contact resistance at the point of the ground 
is explained. Earth leakage relays in com- 


pensated networks, their operation in radial. 


and meshed networks, and the means for 
determining their correct operation by tests, 
are described. The paper is based on the 
practical experiences gained from such in- 
stallations in England and in Continental 
Europe. 


1. Introduction 


T has always been important to locate 

the line in a transmission or distribution 
network which is affected by a ground 
fault. A general satisfactory solution has 
not been found to this problem. There- 
fore, it seems advisable to report on the 
application of wattmeter-type relays for 
sensitive ground fault protection in com- 
pensated networks. Such relays have 
been used very successfully in overhead 
line and underground cable systems in 
European countries in the past. 

The expression ‘‘compensated net- 
works” means that earth fault coils (arc 
suppression coils, grounding arc suppres- 
sors, ground fault neutralizers, and reso- 
nant grounding reactors) areinuse. This 
means that at the point of the fault the 
charging current to ground of the system 
is compensated by the inductive current 
of the earth fault coil. If the coil is ex- 
actly tuned, the fault current at the point 
of the ground is very small. It consists of 
the in-phase component of the funda- 
mental wave of the charging current to 
ground and some higher harmonics. The 
harmonics shall not be considered in the 
following, as their influence on earth 


Simplified diagram of a com- 
pensated network, one phase of which is 
grounded through a resistance r 


Figure 1. 
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leakage relays is not of any importance. 

As far as ground faults in high tension 
systems are concerned there exist two 
protective schemes which are funda- 
mentally different and which influence 
nearly every problem in connection with 
high tension power transmission and dis- 
tribution. One scheme consists of the 
direct grounding of the power transformer 
star points, while the other uses earth 
fault coils. In the case of solidly grounded 
neutrals, which shall not be considered in 
this paper, ground faults are short circuits 
and the defective line has to be switched 
off; in the case of compensated networks 


S 


Figure 2. Circle diagrams 


Circle My: displacement of the 

corresponding to the simplified diagram, 

figure 1. Circle Mz: displacement of the 

neutral when no earth-fault coil is used, and 
when r varies 


neutral 


no dangerous short circuit currents occur 
in connection with single phase-to-ground 
faults. It is then possible and permissible 
to continue operation under steady ground 
fault conditions. 

The earth leakage relays, which will be 
described more closely in the following, 
can be and have been used in radial sys- 
tems both for signalizing the grounded 
feeder or switching it off. In intercon- 
nected systems, it is not equally easy to 
use these earth leakage relays for isolat- 
ing the defective line, and the relays have 
been in use in the past mostly for signal- 
ing; however, for some systems a selective 
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switching off system has been developed — 
and has worked satisfactorily. 

In this paper will be considered only 
how wattmeter-type earth leakage relays, 
influenced by the neutral-to-ground volt- 
age and the residual current (mutual re- 
turn of the three current transformers) 
operate in compensated networks. It 
is of special interest to investigate first 
how their sensitivity is influenced by the 
resistance to ground at the point of the 
fault. The theory and operation of earth 
fault coils has been covered in previous 
publications. We know from these in- 
vestigations that the simplified diagram 
of a compensated network! is given by 
figure 1, where E is the negative phase 
voltage of the grounded conductor, im- 
pressed on the system at the point of the 
fault. The capacitance to ground of 
the lines is represented by C,; L is the 
inductance of the earth fault coils; R is 
a resistance which represents the line 
losses and the losses in the coils; r is the 
contact resistance at the point of the 
fault. : 

The fault current J is greatly reduced 
when C, and L are in resonance, as R is, 
on the average, from ten to twenty times 
greater than wZ. For this trap circuit 


I becomes I 7 and this is the in- 
R+1r 
phase component of the fault current. 
We can see from this immediately that 
the application of a “grounding trans- 
former,” for limiting the single phase 
short circuit current to about 20-40 amps. 
is? practically the same as a badly tuned 
earth fault coil, since the capacitances to 


ground will have an effect. 


2. Influence of the Contact 
Resistance at the Point of the 
Ground 


An exact analysis of the circuit leads to 
the conclusion that the fault current does 
not change very much when the tuning of 
the earth fault coil is not quite correct; 
as it is very easy to maintain nearly cor- 
rect tuning, it may be considered in the 
following that the coil is in tune. The 
fault current becomes then exactly 
I= = , 

R+r 
high resistance in comparison with r. If 


R will always be a rather 
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we assume, for example, that the ground 
ault J. ¢ for an uncompensated 25 kv over- 


. : A E 
head line system is T=" = Ew C,=20 


i 
amps., then the in-phase component will 


25,000 


2/3 
=7,200 ohms, and we see that J will vary 
only within narrow limits, if r varies be- 
tween, say 0 and 1,000 ohms. One of the 
advantages of the earth fault coil in this 
connection is, therefore, that the earth 
leakage relays operate under a rather 
constant current. 

As r is the contact resistance at the 


be about 2 amps; hence we get R= 


point of the fault, Jr is the voltage-to- 
ground of the conductor with the fault; 
the neutral-to-ground voltage then be- 
comes JR. Since 7R+Jr=E, we see in 
figure 2 that this vector SA is divided by 
the ground potential (point G) in the ratio 
R:r=SG:AG. Since r is much smaller 
than R, we may express the action of the 
earth fault coil as reducing the voltage-to- 
ground of the faulted conductor. With- 
out the application of an earth fault coil 
the fault current J,, would be 


3 ciel lle 
VS 41 /a2C,? 


and for the voltage to ground we get 
I,r. In this case we have neglected R, 
as its influence is rather small; however, 
figure 2 will give an accurate picture. 

If we again assume J,=20 amps. as 
charging current to ground of a 25 kv 
network, we find E= 14,400 volts, 1/wC,= 
720 ohms, and if r=720 ohms, the 
voltage-to-ground of the faulted conductor 
becomes J,r7= E+ /9= 10,200 volts. On 
the other hand, if a correctly tuned earth 
fault coil is used, with the same r=720 
ohms, and the other data given as above 
(R=7,200 ohms, J=2 amps., [,=20 
amps.), the voltage-to-ground of the 
faulted conductor becomes only 


Ty 


Eqn 1810 volts 
which is considerably smaller. 

As already mentioned, the neutral-to- 
ground voltage is used for the polarizing 
of the earth leakage relays. Its value is 


NOVEMBER 1941, VoL. 60 


the phase voltage of the system for a 
direct ground, and nearly as much for an 
earth fault through a contact resistance. 
As the voltage-to-ground of the grounded 
conductor is 1,310 volts in our example, 
the neutral-to-ground voltage becomes 
SG=SA—AG or SG=14,400—1,310= 
13,090 volts. In general we get [R= 


ER 
——sE(1l—r/R), as r/R is 


R+r 
small compared with 1. This means that 
the earth leakage relays in a compensated 
network will operate also under a rather 
constant voltage. 


usually 


Figure 2 shows the results of a precise 


tenho 


Figure 3. Radial network 


Distribution of the in-phase 
component of the residual cur- 
| rent. Ground fault on feeder 1 


analysis of the circuit.* The smaller 
circle, center M/;, is the diagram for the 
neutral-to-ground and the line-to-ground 
voltages when an earth fault coil is used 
and its tuning is changed steadily by 
varying L while C,, r, and R are kept 
constant. The tuning is exact at G, and 
therefore AG:SG=r:R. The intersection 
of the two circles, point P, gives the 
voltages when the earth fault coil is 
switched off. The bigger circle, center 
Mp, is the diagram for the same voltages 
when no earth fault coil is applied; here, 
vis variable, and R and C, are constant. 
The smaller circle is divided by S and G 
into two parts; at all points of the circle 
on the right side of SG there is undercom- 
pensation of the charging current to 
ground, i.e., the inductive coil current is 
smaller than the capacitive ground cur- 
rent. At all points on the left side of SG 
there is overcompensation. The coil is 
at resonance at G, at which point the 
fault current has no reactive component. 
Point P lies on the right part of the circle, 
since the coil is switched off at this point. 


3. Earth-Leakage Relays 


In a network with an insulated neutral 
and no earth fault coil in use, the point 
of the ground fault may be considered as 
that part of all the sections and lines of 
the whole system where the charging cur- 
rent to ground has its greatest value. We 
know that the neutral-to-ground voltage 
should be impressed on the network at 
this point to give the correct distribution 
of the charging-to-ground current over the 


Gross—Sensitive Ground Protection 


system. This picture of the current dis- 
tribution changes, as far as the reactive 
component of the charging current is 
concerned, when earth fault coils are 
introduced, since they are additional re- 
active connections to ground. However, 
the coils do not influence the dissipation 
of the in-phase component, since the in- 
phase component is due to losses, which 
are not compensated by the coils. This 
implies that, for getting selectivity, only 
relays can be used which act upon the 
in-phase component of the residual cur- 
rent 7 in each feeder. This means that 
the relays must react to the formula ei x 
cos $, where e is the neutral-to-ground 
voltage andi cos ¢ the in-phase compo- 
nent of the residual current in the feeder. 
The operation of earth leakage relays in 
a compensated network will be shown in 
more detail in the following. 

As first example, a radial network is 
drawn in figure 3, where each line repre- 
sents a three phase feeder (lines 1, 2, 3, 4); 
BB are the busbars and EC is the earth 
fault coil. The resistances represent the 
losses which are, of course, uniformly 
distributed over the network. Ifa ground 
fault occurs on feeder 1, the distribution 
of the in-phase components 7 cos ¢ of 
the fault current will be as indicated by 
the arrows. We see that its direction is 
the same in all the unaffected feeders, 
away from the busbars and opposite to 


Interconnected network 


Figure 4. 


Distribution of the in-phase component of the 
residual current. Ground fault on feeder 


AB 


that in the faulted feeder 1. Hence a 
sensitive wattmeter-type earth leakage 
relay will detect the faulted feeder. 
Similarly in a mesh or interconnected 
network, the in-phase component of the 
residual current is a maximum in the 
faulted line, and it is very easy to find 
this section of the transmission or distri- 
bution system from the operation of the 
signalizing earth leakage relays. Figure 
4 shows a part of such an interconnected 
network, the dotted lines indicating that it 
is really a mesh network. If, for example, 
the fault occurs at the line AB, the distri- 
bution of the active component of the 
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Figure 6. Testing connec- 
\ tion when a single-phase volt- 
age transformer is used for 


Figure 5. Ring-type current supplying 


transformer 


_ fault current will be as indicated by the 
arrows. The figure shows clearly that 
the earth leakage relays will operate on 
both ends of the faulted line, while on all 
other lines we find relays operating only 
on one end. On BC, for example, only 
the relay at C will operate thus indicating 
the direction in which the ground fault is 
located. 


Relays acting on the in-phase compo- 
nent of the residual current could also be 
used in uncompensated (fully isolated) 
networks as the distribution of the in- 
phase component of the residual current 
is independent of the presence of earth 
fault coils. However, earth leakage re- 
lays have been used mostly in compen- 
sated networks since the great reduction 
of the fault current permitted continuous 
operation under ground fault conditions. 
As the earth leakage relays are a means 
to find out rather quickly where the fault 
occurred, the faulted line can be isolated 
as soon as the necessary changes in inter- 
connection have been made, thus prevent- 
ing any substation from becoming de- 
energized. This method has been used 
in compensated networks in Continental 
Europe for many years and improved by 
past experience. The method has proved 
to work very satisfactorily also in Great 
Britain, where earth fault coils and earth 
leakage relays have been used only for 
the last few years,® but are now being 
used in an ever increasing extent. 

The earth leakage relays are watt- 
meter-type relays, polarized by the 


the neutral-to- 
ground voltage 


Figure 8. Testing connections 
of the three-current transform- 
ers of a line section 


(a) Incoming power 


_ 
" 


Figure 7. Testing connec- 
tion when a three-phase volt- 
age transformer is used for 
supplying the  neutral-to- 
ground voltage 


neutral-to-ground voltage and the residual 
current. The voltage coils in use are of 
the normal relay type, but the current 
coils are usually made from more turns 
of a smaller wire, in this way increasing 
the sensitivity of the relay. If accurate 
current transformers were at hand, they 
could be used successfully, even with an 
in-phase component of only 1 amp. or 
less, and with a current transformer ratio 
of 100/5 or 200/5 amps. For smaller 
primary residual currents special current 
transformers may be advantageous.§ In 
Great Britain metal clad switchgear is 
used almost exclusively; therefore the 
overhead line sections are usually termi- 
nated through a short cable run, and 
ring-type transformers, figure 5, have 
been found as a cheap and good solution. 

As the ground fault is no longer a single 
phase short circuit, no overcurrents now 
appear in connection with that kind of 
fault in a compensated network; hence it 
should not be necessary to protect the 
current winding of the earth leakage re- 
lays against damage by heavy excess 
currents. However, short circuit currents 
are possible through the earth leakage 
relay coil in the case of a double ground 
fault (i.e. two grounds on different line 
sections in different phases). In net- 
works supplied by stations of very high 
generating capacity, additional excessive 
current protective relays in the asym- 


(a) (b) Outgoing power (b) 
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metry circuit have been used. These 
overcurrent relays shunt the sensitive 

earth relay coil and thus protect it 

against damage by the heavy short cir- 

cuit currents in case of a double ground 

fault. Such overcurrent relays are useful 

too in another respect; they hinder the 

operation of earth leakage relays under 
double ground fault conditions. A de- 

tailed investigation shows that earth 

leakage relays might operate incorrectly 

in interconnected networks under double 

ground fault conditions. 


4. Connections and Testing of 
Earth-Leakage Relays 


The neutral-to-ground voltage can be 
taken from a secondary winding on the 
earth fault coil, which is the usual method 
in the case of a radial network, when the 
coil is located in the electrical center of 
the system. In other substations, it is 
possible to use a single-phase voltage 
transformer between a power-transformer 
star point and ground, or three single- 
phase voltage transformers with grounded 
neutral and the secondary winding in 
delta for supplying the neutral-to-ground 
voltage. As has been said, we consider 
only fundamental questions in this paper, 
hence we omit some results of theoretical 
investigations and practical experience by 
which correct operation of very highly 
sensitive earth leakage relays was at- 
tained.* 

When earth leakage relays have been 
installed, it is advisable to check their 
correct operation by tests. There are 
two different ways of relay testing accord- 
ing to the various methods of getting the 
neutral-to-ground voltage. 


(a). If the neutral-to-ground voltage is 
taken from the secondary winding of the 
earth fault coil, it is necessary to make actual 
ground faults, either on the busbars or on 
one or more feeders The use of a protective 
resistance as artificial contact resistance is 
advisable; its value in ohms should be? 
about 1/wC,. Then the earth leakage re- 
lays should be tested in correct wiring con- 
nections and also with reversed voltage. If 
the ground is made on the busbars, of course, 
the relays should operate only with re- 
versed voltage, i.e., with the wiring con- 
nections reversed. 


(ob). If the potential transformers are used 
for supplying the voltage coils of the earth 
leakage relays, actual ground faults for 
testing the correct operation of the relays 
are not necessary. According to figure 6, 
one phase of the power transformer should 
be disconnected (if the power transformer 
can be de-energized), provided that only 
a single-phase potential transformer is used 
which is connected between the neutral of 
a power transformer and ground. The po- 
tential transformer is then under a voltage- 
to-ground which is of the same phase angle 
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there were a ground in the disconnected 
ase; _the amount of voltage being only 
if of its value under actual ground fault 
ditions. If, however, a bank of three 
ot ential transformers is used and a similar 
mnection is made (figure 7), the secondary 
nding will give a voltage of correct phase- 
gle, but its amount will be only about 
of its maximum value under ground fault 
ditions; the phase angle will again be 
it of the opened phase of the potential 
‘ansformer. 


To get a corresponding current in the 
coil of the earth leakage relay, we now 
make an auxiliary connection on the 
secondary side of the current transformers 
on each outgoing feeder (as shown in 
figures 8a and 8b). We use figure 8b if 
power is outgoing and figure 8a if power 


With these auxiliary connections, in 
both voltage and current circuits, the 
ea leakage relays are supplied with 
voltage and current under exactly the 
same phase-angle as would exist between 
sidual feeder current and ground-to- 
neutral voltage under ground fault con- 
itions. The earth leakage relays should 
then operate. If they do not, we must 
change the connections by reversing either 
the voltage or the current wires. In 
‘similarity with a wattmeter or a watt- 
hour meter, we are able to find the correct 
connections only according to the polar- 
ized and marked terminals of the po- 
tential and current transformers; how- 
ever, it is always advisable to make sure 
by actual tests that the relays are put 
into service with correct connections. 


5. Conclusions 


(A). The application of resonant neutral 
grounding makes possible the operation of 
radial and network systems with permanent 
ground faults. This has been proved by 
many installations abroad, both for over- 
head line and underground cable systems, 
and with line voltages from 3,000 volts up. 


(B). The installation of wattmeter-type 
earth leakage relays would give an indication 
of the defective section of the line. The re- 
lays act upon the in-phase component of 
the residual current and the neutral-to- 
ground voltage of the system. 


(C). The in-phase component of the 
residual current is in most cases large enough 
to secure correct operation of the relays. 


(D). The operation of the relays can easily 
be checked by simple tests. 
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OREST protection in the United 

States is a job of considerable magni- 
tude. There are, roughly, 550,000,000 
acres, which are equal to the area east of 
the Mississippi River, exclusive of Wis- 
consin and Illinois, under intensive pro- 
tection against forest fires. Moreover, 
there are an additional 138,000,000 acres 
needing organized forest protection. 

Of this vast area, state and private 
agencies are responsible for about 
279,000,000 acres, the U. S. Forest 
Service for about 208,000,000, and other 
Federal Government agencies for about 
60,000,000 acres. 

According to U. S. Forest Service rec- 
ords the annual number of forest fires is 
increasing materially, though the average 
size of the fires is becoming progressively 
smaller each decade. The fact that the 


Dry - battery - operated ultrahigh - frequency 
automatic-relay station 


Upper deck—transmitter; lower deck—re- 


ceiver 


average fire is getting smaller, even 
though there are more of them, is one en- 
couraging evidence of the gradually in- 
creasing effectiveness of fire suppression 
tools and fire control technique. : 

Comparatively recent improvements in 
communication facilities have undoubt- 
edly played an important part in reduc- 
ing fire losses. It is generally true that 
the quicker one can attack a fire the fewer 
men are needed to put it out, which, of 
course, points the way toward faster com- 
munication and transportation. 

One of many examples of the impor- 
tance which fire fighters place on radio 
communication is contained in the fol- 
lowing quotation from a news story on 
the recent forest fires in Maryland :* 


“Two-way radio communication proved 
helpful on a large fire in northern Anne 
Arundel County which burned more than 
3,000 acres. The department of forestry 
called three forestry radio cars into the area 
and directed them by radio from the Long 
Hill lookout tower in shifting fire-fighting 
crews from point to point. 

“Had radio equipment been available on 
the fire trucks and other vehicles, forestry 
officials believe the fire could have been held 
to half its size and much of the forest saved.”’ 


Though it is probably true that few, if 
any, forest protection agencies have suffi- 
cient communication facilities, the extent 
of these systems is surprisingly great. 
For example, the U. S. Forest Service is 
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maintaining over 60,000 miles of tele- 
phone line and operates about 3,500 radio 
stations. State and private forest pro- 
tection agencies are reported to have 
about 52,000 miles of telephone line and 
1,500 radio stations. 

Fundamentally, all forest protection 
agencies have pretty much the same job 
to do and go about it in a similar manner, 
though there are, of course, differences in 
organization and degrees of protection. 

Since I am most familiar with the op- 
erations of the U. S. Forest Service, this 
discussion will deal mainly with that 
agency. 

For administrative purposes, the Forest 
Service divides the continental United 
States, Alaska, and Puerto Rico into ten 
regions. Within each region there is a 
number of national forest units—a total 
of more than 150. 


National Forest 
Communication Systems 


Since the national forest is the adminis- 
trative unit, the communication systems 
are set up on a national forest unit basis. 

The backbone of the national forest 
communication is, of course, wire line— 
either Forest Service lines or commercial 
circuits if they are available. 

Radio is used where no other satisfac- 
tory means of communication are availa- 
ble. Nearly all of the radio communica- 
tion is of an emergency nature. Ordi- 
narily, it is not considered desirable that 
both routine administrative and fire 
traffic flow over the same radio circuits, 
since in time of emergency the administra- 
tive traffic would have to give way to 


(Lower left) Typical radio installation in Forest 
Service lookout 


Radiophone is designed to fit in standard fire- 
finder pedestal 


Simson— Forest Service Communication 


emergency needs which would disrupt th 
normal forest administration. 

The communication system on a fores 
unit falls roughly into three general classe: 
of use, namely: (1) administrative circuits 
as between the forest supervisor and dis 
trict ranger offices, and between distric 
ranger and CCC camps, ranger stations 
and logging camps; (2) fire detection cir 
cuits, as between fire lookouts and look 
out to central fire dispatcher; (3) fire 
suppression circuits, as dispatcher to pa 
trolmen, fire crews and fire trucks, com 
munication between main base camp anc 
sector camps on large fires, contact witt 
foot and aerial scouts, freighting planes 
communication along the fire line, base 
camp contact with regional equipment 
depots, and communication with the mo: 
bile fireweather forecast units. 


Communication on Large Fires 


Modern fire fighting, especially on large 
fires in heavily forested regions, assumes 
much of the aspect of a military operatior 
with all its complexities of staff organiza. 
tion, service of supply, and front line at- 
tack. 

Consider, for example, a fire of the 
“conflagration’”’ class—say 50,000 o1 
75,000 acres. The perimeter of the fire 
will likely be 100 or 150 miles. Several 
thousand fire fighters will be employed 
They will be split up in camps of about 
200 men each appropriately spaced along 
the fire line. The fire line will be in the 
charge of a fire chief. Directly under 
him will be an assistant chief, chief of 
service of supply (SOS), transportation 
chief, equipment chief, head scout, com- 
munication chief, paymaster, and sector 
bosses. Each sector boss is directly re- 
sponsible to the fire chief for his sector of 
the fire. 


Interior of Forest Service radio trailer used or 
large fires 
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Radio communication on the fire line during 
“mopping up” phase of fire 


Note two hose lines in use 


The main communication center will be 
at staff headquarters in the main base 
camp. 
circuits will be established with the re- 
gional equipment depot, forest supervi- 
sors headquarters, reconnaissance and 
transport planes, fireweather units, and 
the sector camps located along the fire 
line. The sector camps will set up local 
networks to communicate with the fire 
line, ground scouts, nearby lookouts, and 


From this point communication 


various fire fighting units within the sec- 
tor. 

Before the advent of radio, communica- 
tion along the fire line was largely by mes- 
senger, which at best is a slow and uncer- 
tain method. Consequently, there was 
too often a conspicuous lack of coordina- 
tion among the various fire fighting units 
attacking a single fire. For example, one 
sector of the fire might be considerably 
overmanned or overequipped while other 
crews were losing ground through lack of 
reinforcements or apparatus. With the 
development of portable and mobile two- 
way radio, marked improvements in fire 


Communication unit used on large fires 
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(Right) Forest Service smokechaser “reporting 
in" 
Fire pack includes tools, radio, emergency 
rations, and blanket 


fighting tactics became possible. The en- 
tire forces can now be controlled from a 
single headquarters and men and ma- 
chines shifted along the line as the vagar- 
ies of fire behavior dictate. 


Radio Frequencies Used 


Originally, forest protection radio com- 
munication was entirely in the 2-4 mega- 
cycle band. This part of the spectrum 
was selected because single channel trans- 
mitters were used and these frequencies 
exhibit the least variation in diurnal and 
seasonal sky wave propagation. The 
lower limit of the frequency band selected 
was also influenced by antenna length. 
In order to preserve portability and ob- 
tain reasonable efficiency, horizontal half- 
wave antennas are used. Experience has 
shown that the difficulty of finding a clear 
space in dense forests of sufficient size to 
stretch an antenna increases rapidly with 


(Right) Automatic relay antenna, Mt. Hood, 
Oregon 


(Lower right) Portable radio installation in 
“‘sector’’ fire camp 
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length of the radiator and that 140 feet is 
a good compromise. 

For the last seven or eight years the 
percentage of ultrahigh frequency sta- 
tions—30 to 40 megacycle band—has 
increased rapidly. Frequencies in this 
portion of the spectrum were selected as 
representing the best compromise be- 
tween the desirable characteristics of the 
ultrahigh frequencies such as minimum 
static, short antennas, circuit efficiencies, 
and the better coverage below line of sight 
obtainable with lower frequencies. Rapid 
growth in the use of the ultrahigh fre- 
quencies has been due both to improve- 
ments in apparatus and to increasing ex- 
perience in the technique. Oddly enough, 
ultrahigh frequency systems have de- 
veloped much more rapidly in the moun- 
tainous forest of the West than in the flat 
or rolling terrain of the East. One factor 
has been the discovery that, in general, 
the ‘‘blind”’ areas behind sharp mountain 
ridges are not nearly as sharply defined as 
they are in areas where the slopes are less 
precipitous. 


Radio Equipment Requirements 


Since fire behavior, suppression tech- 
nique, and transportation facilities vary 
widely as between forest types, the types 
of radio apparatus employed also vary. 
Nevertheless, there are certain general 
requirements which all types must fulfill. 

The equipment must have good relia- 
bility and must be consistently capable 
of withstanding hauling by truck over 
long distances on rough roads. It must 
withstand the vicissitudes of packhorse 
transportation and be workable after 
parachute delivery. The controls must 
be foolproof and the manipulation simple 
enough that untrained laborers may set 
up and operate the apparatus without 
difficulty. The component parts must be 
of standard design and commercially avail- 
able to facilitate battery replacement and 
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repairs without excessive delay, and be- 
cause urgent equipment needs greatly ex- 
ceed available funds costs must be kept to 
a minimum. In addition, the portable 
types must be truly portable. In regions 
where the standard smoke chaser’s pack 
weighs about 35 pounds, 10 or 11 pounds 
are about the practical limit of additional 
weight he can carry for communication. 

Since the portable radiophones must be 
low powered, it has been found desirable 
to restrict the power on even the semi- 
portable units. An insufficient number 
of frequencies has made it necessary to 
repeat the same frequency well within in- 
terference range so that power must be 
held to a minimum if the signals from the 
lowest powered portables are to be pro- 
tected against interference from the 
higher powered mobile and semiportable 
units. 


High-Frequency Radiophones 


The type MM is the highest powered fire 
communication unit used by the Forest 
Service. It has a nominal output of 25 
watts, although the full output is seldom 
used. The type M operates from an a-c 
power supply or portable generator. The 
complete unit weighs about 90 pounds, 
The tube line-up is: 6F6G oscillator, two 
6L6G in parallel in radio-frequency am- 
plifier, 6F6G speech amplifier, push-pull 
6L6G modulators, and a pair of 83 recti- 
fiers. A low-drift crystal maintains fre- 
quency stability. The output stage ter- 
minates in a pi matching network to ac- 
commodate a wide range of antenna or 
transmission line impedances. 

The receiver section is a conventional 
superheterodyne having a minimum of 
operating controls. 

The type M was designed for use at 
forest headquarters, central fire dispatch- 
ers, central equipment depots, and at 
communication centers on large fires. 
Since these radiophones may be expected 


Portable radiophone used by 
Forest Service parachutist fire 
fighters 
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to create interference over a radius of — 
several hundred miles, lower powered 
units are substituted wherever possible. 

A smaller unit of similar form designed 
to operate from an ordinary six volt auto- 
mobile storage battery is also available. 
This unit has an output of 91/2 watts and 
is a substitute for the type M where com- — 
mercial power is not available and where, 
because of ‘‘standby” requirements or for 
other reasons, it is not desirable to use a 
gas engine driven portable generator. 

The most widely used three megacycle 


a8 


Forest Service type SX radiophone with loud- 
speaker unit as used at emergency lookouts 
and for semiportable operation 


unitis the type SPF. For portable opera- 
tion the complete unit weighs 21 pounds 
and has a rated working range of 20 miles. 
The transmitter section is crystal con- 
trolled and, as is the case in all Forest 
Service portable radiophones, receiving 
tubes are used throughout in both the 
transmitter and receiver sections. The 
nominal power output is 2.25 watts. The 
receiver section is a five tube superhetero- 
dyne having a sensitivity of about three 
microvolts absolute. Provision is made 
for continuous wave reception by either 
headphones or built-in loudspeaker. 

For semiportable service a kitbox is 
supplied which contains heavy duty bat- 
teries and an additional half-wave an- 
tenna. This latter form was especially 
designed for secondary lookouts and road 
construction crews. The lookout installs 
the half-wave antenna at his station and 
operates his radiophone from the heavy 
duty kitbox batteries. When he goes toa 
fire he needs only to unplug the battery 
cable and drop the radiophone in its 
carrying bag to have a 21 pound portable 
radiophone complete with light batteries 
and antenna. Thus, he wastes no time in 
taking down the antenna and is assured 
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Forest Service portable type SX ultrahigh-fre- 
quency radiophone 


of unused batteries for his emergency 
communication. 

Similarly, some road crews use the half- 
wave antenna and heavy batteries while 

camp and each morning take the port- 
able outfit out on the job and set it up for 
contact with the fire dispatcher. 
| Though not designed for mobile opera- 
tion, these units have been operated in 
planes, boats, and trucks where mobile 
equipment was not available. 

Many of the fire trucks and patrol cars 
are equipped with two-way three mega- 
cycle radiophones. The consistent range 
of these installations is only about 20 
miles, mainly because of antenna limita- 
tions. 

Where fire trucks are employed inten- 
sively, two-way communication adds 
greatly to their usefulness, since it means 
the trucks are always “‘in service,” even 
when making a run. It has enabled the 
dispatcher to recall trucks from false 
alarm runs and makes it possible to redis- 
patch them without the necessity of re- 
turning to headquarters for orders. 

The mobile transmitters are powered 
by dual vibrators rather than a motor 
generator in order to eliminate the more 
difficult servicing of rotating machines 
and to reduce the drain on the vehicle’s 
battery. The input at the final radio- 
frequency stage is about 16 watts, but 
only a fraction is radiated because of an- 
tenna inefficiencies. Only a very short 
antenna can be installed because many of 
the trucks operate directly on the fire 
line and are driven through the forests 
where there are no roads, with a conse- 
quent high mortality in antennas, fenders, 
and running boards. 

The shortcomings of the antenna are 
offset in part by a base loading and tuning 
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unit, but withal the reliable range of this 
radiophone is only 20 miles, and when 
possible the ultrahigh frequencies are 
used, instead, for mobile communication. 


Ultrahigh-Frequency Radiophones 


In addition to the apparatus already 
described an increasing proportion of 
forest protection radio systems utilize the 
ultrahigh frequency 30-40 megacycle 
band. Where ultrahigh frequencies are 
usable they offer obvious advantages over 
the lower frequencies. Antennas are 
smaller, and there is substantially no fad- 
ing or static. The last named feature is 
especially important since 44 per cent of 
all fires on the national forests are caused 
by lightning, and frequently these light- 
ning storms destroy wire or telephones to 
the point of causing serious delays in the 
reporting of lightning fires, with conse- 
quent heavy fire losses. 

Ultrahigh frequency radiophones are 
used for the same general purposes as the 
3,000 kilocycle equipment and are espe- 
cially effective for interlookout and mo- 
bile communication and where the ut- 
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Radio net on 


most in light-weight compactness is re- 
quired. 

The unit designed especially for look- 
out installation (U. S. Forest Service type 
T) has a crystal controlled transmitter of 
two watts power. 

The receiver contains a 1A7G con- 
verter, three stages of 4,050 kilocycle in- 
termediate-frequency amplification using 
LN5G tubes, a 1H5G detector and audio 
amplifier, and a call-buzzer circuit utiliz- 
ing a IN5G tube. The intermediate- 
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“‘conflagration’’ fires 


frequency band width is approximately 
50 kilocycles. This comparatively wide 
band permits reception of modulated os- 
cillators. The buzzer-alarm circuit is use- 
ful for night calls and permits installa- 
tion of extension bells in the towerman’s 
residence, 

The low-drain tubes employed in this 
radiophone give reasonable dry battery 
economy, even on continuous service. 

A new all-purpose portable radiophone 
known as the type SX was developed last 
year. This complete unit weighs about 
ten pounds and is applicable to uses of 
scouts, smokechasers, and others requir- 
ing extreme portability. Provision for 
selecting any of three crystal-controlled 
transmitter frequencies adapts the unit 
for operation in fixed frequency networks 
or ready switching from one network to 
another. Another useful feature is a 
panel pushbutton which provides a 
marker signal and permits setting the re- 
ceiver on any of the three transmitter 
frequencies. 

For emergency lookout use a kitbox is 
supplied with the type SX, which con- 
tains heavy duty batteries and an addi- 


Scout and 
Transport 
Vane 
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tional unit containing an audio amplifier 
and loudspeaker. 

Forest Service parachute jumping fire 
fighters use a condensed version of this 
radiophone. The parachute jumper’s 
model, which weighs a little less than six 
pounds, is designed to be carried in a 
pocket on the leg of the jumper’s suit. 

General use of ultrahigh frequency in 
mountainous regions has required the de- 
velopment of an automatic relay station. 
The transmitter section is conventional 
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design and where—as is usually the case— 
dry battery is the only source of power, 
has an output of two watts. 

The receiver presents some interesting 
features. Twelve tubes are used dis- 
tributed as follows: 


Two signal radio-frequency stages 

First detector 

Crystal oscillator 

Frequency multiplier 

Three intermediate-frequeticy stages 
Second detector (AVC) 

Fifteen kilocycle noise amplifier and rectifier 
Relay control tube 

Audio amplifier 


The system of relay control is based 
upon the inherent circuit noise and varia- 
tions of this noise with signal input 
through operation of the AVC system by 
the signal. A filter which passes a narrow 
band centered at 15 kilocycles is branched 
off the audio input circuit and the result- 
ant 15 kilocycle noise component is am- 
plified aud rectified to produce control 
bias for the relay tube. Fifteen kilocycles 
is chosen because it is well beyond the 
range of audio intelligence and, conse- 
quently, prevents the communication 
signal from energizing the relay tube 
The system operates with the relay, which 
controls the transmitter, off under maxi- 
mum circuit noise, static crashes or other 
heavy noise, and relay on when an appli- 
cation of a signal causes a reduction in the 
15 kilocycle noise component. 

The circuit is so arranged and constants 
proportioned as to keep the noise at a 
relatively constant top level (in effect 
limited) so that operation is consistent 
with combined circuit noise and variable 
external noise. The circuit is reliable but 
is only relatively tolerant as to range of 
battery supply voltage. Some stabiliza- 
tion is effected because of the high gain 
throughout, which results in production 
of a small automatic volume control volt- 
age from noise alone; this in turn tends 
to hold the noise delivered to the noise 
filter at a relatively constant value over a 
considerable range of battery voltage and 
temperature condition. 

An inexpensive filter which is incorpo- 
rated in the unit permits simultaneous 
transmission and reception on the same 
antenna. 
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Satisfactory antennas for high altitude 
relay stations where icing is especially 
bad, as well as for lookout house and 
tower installations, must be extremely 
rugged mechanically, must provide a 
heavy d-c path to ground for lightning 
protection, and must be easy to duplicate 
without special materials and insulators. 
An antenna with the best of electrical 
characteristics would be almost useless 
unless rugged and sufficiently simple in 
structure to permit duplication by mechan- 
ics in the average forest central garage 
or machine shop. The antenna structure 
consists of approximately quarter-wave 
radiator with an integral coaxial match- 
ing section and radial arms of quarter- 
wave length At one-tenth wave length 
the coaxial matching section has a resist- 
ance of about 65 ohms at the feed point. 
Line voltage is substantially constant and 
without standing waves on the transmis- 
sion line. In field tests this antenna 
showed a voltage ratio of about 1.8 to that 
attained on the J type antenna. 


An additional point of interest in the 
antenna is the absence of large exposed 
insulators. The only insulator involved 
in the antenna proper is the coaxial cen- 
tering ring, which is placed well inside the 
coaxial tubing and is thereby not exposed 
to the weather. 


Development 


After trying commercially designed 
radio equipment the Forest Service was 
relunctantly forced to the conclusion that 
there was no equipment available that 
satisfied the peculiar and rigid require- 
ment of forest protection communication. 
Primarily, the problem was not so much 
a matter of electrical circuits as of me- 
chanical arrangement of the units. 


Accordingly, the Forest Service estab- 
lished its own radio laboratory in Port- 
land, Oregon, which is fairly central to the 
area of greatest fire and communication 
difficulty. The laboratory projects in- 
clude development of new equipment as 
needed, revision of existing models to 
keep pace with the current state of the 
art, and developments in the application 
and technique of radio communication. 


Simson— Forest Service Communication 


Procurement 


The procurement and inspection of all 
radio equipment used by the entire U. S. 
Forest Service is centralized at Portland, 
Oregon. Centralized procurement per- 
mits consolidation of orders, helps insure 
purchase of uniform types of apparatus, 
and is the most practicable method we 
have found of filling emergency requisi- 
tions for apparatus to be used on going 
fires with a minimum of delay. 

Manufacturing contracts are based on 
competitive bids Technical specifica- 
tions are not used; instead, the contractor 
is required to build exact duplicates of a 
working model which is supplied him. 
The whole procurement program is de- 
signed to meet unpredictable emergency 
demands for radio units with a minimum 
of delay and without carrying large re- 
serve stocks. 


Maintenance 


Usually Forest Service communication 
equipment, both telephone and radio, is 
serviced and maintained by regular per- 
sonnel. Much of the work is done inci- 
dentally to other duties by employees 
having little or no electrical training 
other than on forestry radio. This situa- 
tion requires special consideration in the 
design of the radio units and in the prepa- 
ration of servicing instructions. 

The variety of uses to which radio can 
be put in forest protection is increasing 
as we gain knowledge of its possibilities. 
At present we see a need for a simple, 
portable direction finder that can be oper- 
ated by a lookout man in conjunction 
with his fire finder to guide smokechasers 
to ‘‘sleeper’’ fires in dense forests. - These 
fires are often most difficult to find and 
have been known to smolder for weeks 
and to become a running fire during the 
next dry windy period. 

A portable dry battery operated radio 
facsimile transmitter and receiver is 
needed for use by reconnaissance planes 
and for speeding up message traffic on 
large fires. Already the traffic load has 
reached a point where additional circuits 
must be established o: unacceptable de- 
lay occurs. 
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RODUCTION requires power. The 
@ urgent necessity of meeting the imme- 
diate demands for electric power—due to 
national defense and natural growth—has 
created a challenge to the planning engi- 
neers. Local loads are increased and addi- 
tional loads established, resulting in shift- 
ing of load centers. Such changes require 
increased generating and transmitting 
facilities. To provide for this expansion 
in power supply requires accurate plan- 
ning to avoid waste of time, materials, or 
effort. The first step is the quick solution 
of all the electrical problems. 


The A-C. network calculator provides 
accurate means for solving these problems. 
Therefore, it is appropriate to present the 
newly perfected features of the latest 
_ A.C. network calculators. These provide 
the means and methods for faster and 
more accurate analysis of existing or 
_ planned power systems and the solutions 
of electrical design and operating prob- 
lems. The essential elements of a power 
system are reproduced in miniature rep- 
lica, as illustrated pictorially in figure 1 
for a simple radial feed from generator to 
load. The calculator reproduces systems 
with many generators or generating sta- 
tions, transformers, lines, and loads. 
Readings of the miniature network on the 
calculator are readily converted into ac- 
tual system quantities. 
The electrical performance of the sys- 
tem can be obtained from the calculator 
studies. The principal studies involve: 


1. Voltage regulation and load control 
studies for normal and emergency operation. 


2. Short circuit studies for circuit breaker 
or protective relay application. 


3. Steady state or transient stability 
studies for determining power limit of 
transmission systems. 


For any of the above investigations, the 
various steps in the solution are: 


1. Assemble and organize the data of the 
power system. 


2. Convert these data to a base or scale 
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NoveEMBER 1941, Vov. 60 


The Moder A-C Network Calculator 


W. W. PARKER 


MEMBER AIEE 


suitable for use with the calculator voltages, 
currents, and impedances. 


3. Set up the calculator network and adjust 
the loads and the generator outputs in 
accordance with the requirements of the 
specific problem. 


4. Meter the network, obtaining the sig- 
nificant calculator readings such as voltage, 
current, phase angle, watts, and vars. 


5. Reconvert these into system values. 


For voltage regulation, load control, 
short circuit studies, and steady state sta- 
bility studies, the calculator gives the de- 
sired quantities directly, requiring only 
conversion into system values. Transient 
stability studies require the same ‘“‘step- 
by-step” method used in straight mathe- 
matical solutions. The calculator gives 
the electrical conditions for each step, thus 
not only saving tedious computations but 
also permitting the solution of multi- 
machine problems with more generators 
than can be solved by other methods. 

The demand for calculator solutions has 
been so great that existing facilities have 
been taxed to full capacity and several 
new calculators are being constructed. A 
list of calculators is given in table I. 

This paper describes the most recent 


Table I. 


A-C. network calculator which, although 
embracing fundamental designs proven 
over a period of eleven years, has incor- 
porated improved features to facilitate 
the setting up and metering of the calcu- 
lator miniature network. A typical calcu- 
lator of modern design is shown in figure 2. 


Fundamental Features of Design 


The engineer who uses the calculator is 
interested primarily in quick, dependable, 
accurate results. In meeting these re- 
quirements, the designer of the calculator 
considers accuracy, convenience, speed, 
space, and cost. In these considerations 
the choice of frequency and power level are 
predominant factors. 


FREQUENCY 


The choice of frequency is independent 
of the frequency of the system to be 
studied since impedances are used in 
terms of ohms. The cost and size of 
reactors and capacitors to cover the range 
of values needed indicated that a choice 
of frequency higher than normal would 
be desirable. The A-C calculator fre- 
quency has been established at 440 cycles.? 


POWER LEVEL 


The calculator has rated values for nor- 
mal operation of 100 volts and 1 ampere, 
with maximum capacities of 400% for 
voltage and 300% for current. This 
power level was arrived at from considera- 


Data on A-C Network Calculators in Use or Under Construction 


Number of Units 


Mu- 
Fre- Auto tual 
Date quency Gen- Special Ca- Trans- Trans- 
In- Cycles Per era- Re-  paci- form- form- 
Owner and Location stalled Second tors Lines Loads actors tors’ ers ers Total 
1. Massachusetts Institute 
of Technology, Cam- 
bridge, Mass. .205 ce. 192908e a OOM Sect SOlenac40 sneeG! ox etecnom Leaner: Overshoes 
2. Westinghouse Elec. & 
Mfg. Co., East Pitts- 
Berphala. wea heir TO2O) ec AAOna nl vant LOO ree tO Preece) | nici On prised wis ate 30.. .356 
3. Penn. R.R., Pennsyl- 
vania Station, New 
Work City aia-pilel oisteuss eis 1932....440.. 6 168 40 . 40 Bh Sree is Sesh 16 . 276 
4. Commonwealth Edison r 
Go., Chicago, Whe oes. 1932....440.. 6 72 48 12 124, Gee nice 6 174 
5. General Electric Co., : 5 
Schenectady, N. Y....... 1937....480....12 150 50 it) 30 12 15 269 
6. Public Service Elec. & 
Gas Co., Newark, N. J....1938....480. Bh.....30 0 beat CURED aa 12 163 
7. Tennessee Val- /Initial. .1938. 440....12 602.2520 BRR T a AOC rae 10 see 
ley Authority, ) Addnl.. .1941 440.. 6 60 24* 0 ees 2h 12 132 
Chattanooga, ; 
Tenn. eee Pe TeR Ghd dina) b Waa bie 18 120 44, 8 34 TL aoe es 22k 270 
8. Bonneville Power Ad- 
ministration, Ampere, ‘ 
Washes terrartaicratos csihere 1939 480.. 9 Se BO eet Olea st LO rensrartied Oldies, (OF miter ate (ay ee aY) 
9 Sdo Paulo Tram. Lt. & 
Pe. Co, Sao” Paulo, . 
Brazily peeacte wes © sss 1940 440.. 6 OGL aka Aa een! cen Or it Le weno OO 
10. Potomac Electric Power 
Co., Washington, D. C....1941....440.... 6.... GP ce clbchiovenaltch Annie eG cane) 8. nn edkO 
11. Hydro Electric Power 
Comm. of Ontario, To- 
Tonto mO@anada.. ss. a)er evar Wonk Ma one Nearer ab chee lye ool "ie ned eo 8. 167 


*Equipped with load adjusters. 
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**Eight special high resistor-reactor circuits. 
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tion of instrument characteristics and the 
desirability of avoiding errors due to ca- 


pacitive or inductive coupling. If a lower 
voltage base were used, the current base 
would have to be lowered in proportion to 
avoid significant inductive coupling. This, 
in turn, would make the power level so 
low that, using standard torque instru- 
ments, errors would be introduced due to 
their burden, or high electronic amplifica- 
tion would be required. If the current 
level were reduced to any considerable ex- 
tent without reducing the voltage, it 
would be difficult to avoid errors due to 
capacitive coupling. 


Details of the New Calculator 


In addition to these fundamental design 
features, the later calculators have im- 
proved methods of setting up the bound- 
ary conditions (i.e. desired loads and 
generator outputs) and inserting instru- 
ments into any element of the calculator 
network. As a result, accurate determi- 
nations of the system conditions are ob- 


Figure 3. Calculator-generator unit 


Actual system sources of synchronous emf are 
represented by a combination of voltage regu- 
lator and phase shifter. Independent control 
of voltage and phase angle is achieved by a 
combination of a double-unit three-phase regu- 
lator connected to a phase shifter. The volt- 
age regulator has two electrically identical 
units physically arranged so that adjustment of 
the rotors does not shift the phase angle of 
the output to the phase shifter 
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tained with a minimum of time and effort 
devoted to manipulation of the calculator. 
Generally, the solutions are on a phase-to- 
neutral basis with the use of symmetrical 
components to solve unbalanced condi- 
tions. Complete three phase representa- 
tion is possible but seldom used. 


Generator Units 


In order to represent generators or 
power stations, it is necessary to apply to 
the calculator impedance network, volt- 
ages which are adjustable in magnitude 
and phase angle. The voltage adjust- 
ment corresponds to changes in excita- 
tion, and the phase angle adjustment to 
changes in the governor position. In set- 


Figure 2. A typical a-c network calculator 


The cabinet on the left contains six generator 
units with their associated instruments for meas- 
uring voltages, currents, and power. Below 
the instruments are the handles for independent 
adjustment of voltage and phase angle. The 
bottom drawers contain adjustable capacitor 
circuits. The next cabinet contains six imped- 
ance circuit drawer sections and the master 
instrument and control desk. (In the calculator 
described in this paper a separate control desk 
is used.) The third cabinet from the left is 
a connection cabiget in which all the circuit 
terminals are brought out for interconnection. 
The other cabinets contain load circuits with 
associated load adjusters, auto transformers, 
and other line circuits 


ting up a specific operating condition, the 
voltage regulator and phase shifter of the 
generator units are adjusted until their 
voltages and currents give the desired in- 
puts. This adjustment requires a mini- 
mum of manipulation when there is negli- 
gible regulation in the calculator units and 
the controls of the voltage and phase 
angle are independent of each other. 
Each generator unit has less than 2% 
regulation from 0 to rated load and has 
independent adjustment of phase angle 
and magnitude. This is achieved by 
means of a novel combination of induction 
voltage regulators and phase shifter, 
shown schematically in figure 3. The volt- 
age regulator element consists of two in- 
dependent, three phase induction regula- 
tors, electrically identical, with the rotors 
on a common shaft. The voltage outputs 
of the independent stators are equal in 
magnitude and are varied in phase angle 
by changing the position of the rotor, as 
is usual in a 3 phase induction regulator. 
The two regulator units are mounted me- 
chanically opposite to each other so that 
turning the rotor shaft in one direction 
effects a clockwise rotation of the one 
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SINGLE PHASE SIMPLIFIED VECTOR DIAGRAM OF VOLTAGE REGULATOR 
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stator voltage and a counterclockwise ro- 
tation of the other. The two stator wind- 
ings are connected in series so that the 
changes in phase angle neutralize each 
other thus giving a voltage which is al- 
ways in phase with the supply voltage. 
This induced voltage is added directly to 
the supply voltage, thus giving a scalar 
adjustment of voltage. As shown in the 
single phase vector diagram of figure 3 the 
voltage NA is the single phase line-to- 
neutral voltage of the power supply, volt- 
ages A to A-1 and A-1 to A-2 are the volt- 
ages induced in the stators. The output 
voltage N to A-2 is adjustable from 0 to 
twice VA in magnitude but always along 
the phase position as indicated by the 
dotted line N-X. The three phase output 
of the regulator is then put into the rotor of 
the phase shifter. A single phase output 
is taken from the stator for use in the net- 
work. Turning the rotor of the phase 
shifter changes the phase angle of the gen- 
erator unit voltage as may be required. 

In order to obtain negligible regulation, 
series capacitors are used to neutralize the 
reactive drop, while the units themselves 
are made large enough so that the resistive 
drop gives less than 2% regulation as pre- 
viously mentioned. Because of the con- 
stant reactance of the three phase voltage 
regulator, the reactance is accurately and 
completely compensated for by fixed ca- 
pacitance. 


Instruments for Measuring Output 
of Generator Units 


Ina calculator network, as in the power 
system, the adjustment of one generator 
unit affects the current in the others. 
Therefore, it is very desirable to have 
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simultaneous indications of the outputs of 
all the generator units. Since the output 
can be completely defined in terms of 
voltage, scalar current, and watts, a volt- 
meter, and ammeter, and a wattmeter are 
supplied. Each instrument is equipped 
with a red marker which can be set to in- 
dicate the desired output of the unit. 
Adjustments of the phase shifters and 
voltage regulators are made until the in- 
dicating pointers line up with the markers. 
The ammeter is used in short circuit 
studies and in obtaining equivalent net- 
works. A wattmeter reversing switch is 
provided to obtain indication of reverse 
power. A voltage-selecting switch is also 
provided so that either terminal or inter- 
nal values of the generator unit may be 


Figure 5. Master instrument 
and control desk 


The motor-generator set con- 
trols are mounted on the small 
vertical panel. Two independ- 
ent sets of master instruments, 
the circuit selector, and meter- 
ing controls are mounted on the 
sloping sections. Readings can 
be obtained of scalar or vector 
components of voltages and 
currents, Watts, vars, and phase 
angle 
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Figure 4. Schematic arrangement of circuit 4 
selector for a-c network calculator 


The circuit selector consists of the keyboard, a 
“group” and “‘point’’ assembly of telephone- 
type supervisory relays, and one circuit trans- 
fer relay for each circuit. Only 25 keys are 
required for the selection of any of the present 
calculator circuits as well as for future addi- 
tions up to a total of 599 circuits. To select 
a circuit three keys are pushed, one in each 
vertical row, and then the control key is 
thrown to the “operating’’ position. This 
closes the selected metering relay located di- 
rectly behind the respective drawer section 
in the circuit cabinet. Closing the relay con- 
nects the circuit into the metering bus A 
guard relay is provided which prevents the 
selection of any other circuit until the control 
key is thrown to the “‘reset’’ position 


obtained if the associated impedance unit 
is set proportional to the internal react- 
ance of the machine being represented. 


Circuit Elements 


As indicated in figure 1, actual system 
transformers, transmission and distribu- 
tion lines, reactors, and capacitors are 
represented on the calculator by various 
combinations of resistor-reactor, capaci- 
tor, auto-transformer, and mutual reactor 
circuits. The circuit elements are so de- 
signed that for all normal problems there 
is no necessity for consulting calibration 
curves to compensate for reactance of re- 
sistors, or resistance of reactors. 

The value of any resistor or reactor tap 
is within plus or minus 11/2% of the set- 
ting. The resistors are non-inductive and 
have negligible (—.00002) temperature 
coefficient. The iron cores of the reactors 
have large air gaps so that the permea- 
bility of the magnetic circuit is constant 
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and hence the reactance is constant 
throughout the normal range of current. 
The reactors are designed to keep the re- 


_ sistance to such a low value that its effect 


can be neglected. 


This is achieved 
through the use of “‘U’’-shaped Hypernik 


_punchings (Hypernik having very low 


core loss at the density used) and by 
atranging the coils so that the ampere 
turns are divided equally across the two 
air gaps. Whenever it is deemed neces- 
sary to subtract the resistance of the reac- 
tor from the resistance component of the 
impedance representing an actual circuit 
element, an average value of 4% of the re- 
actance value can be used. 


Ratings 


The range of values for the various 
classes of circuits is shown in the accom- 
panying table. 

All circuits are designed for operation at 
220 volts, the normal base being 100. Re- 
actors are capable of carrying 3 amperes 
(300% of normal). 


Load and Load Adjuster Units 


System loads are simulated on the cal- 
culator by means of series or parallel con- 
nection of the resistance and reactance 
elements of the load circuit. The value of 
this impedance is calculated from the de- 
sired kv-a. power factor and voltage at 
the load bus, using the following formulas: 

Series connection 


ESC 
Teva, 


cos } 
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| and scalar reading instruments 
| AMPLIFIER ; 

UNIT The range-changing switches 
provide three voltmeter and 
three ammeter full-scale values 
with corresponding watt-var 
meter scales. The watt-var 
switch is connected to a phase- 
shifting circuit to give a 90-de- 
gree shift in the voltage applied 
to the amplifier for measurement 
of vars 


5 K(E")? 
Kvy-a. 
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sin d 


or parallel connection 


ry2 
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Kw. 
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Where K is the power multiplier, or the 
factor by which the volt-amperes in the 
calculator circuits are multiplied to give 
the kilovolt-amperes in the corresponding 


Range of Circuit Elements 


(Since Normal Base is 100 Volts—1 Ampere, 
100 Ohms =100%) 


Element Range 


0 to 100 in 
0.2 ohm 
steps 

100 to 399 

in 1 ohm 

steps 

to 300 in 

smooth 

variation* 


: R0-39 ohms } 
Line impedance } , 
(series) R+J X 


X 0-300 ohms 1 


0 to 1,000 
in 2 ohms 
teps 
R 0-3,990 % 
Load impedance h 4 1,000 to 
; ohms dihin TO 
(series or parallel) X 0-2,400 3,990 in 1 
R+JX ohne j f ohm steps 
1 to 2,400 
in smooth 
variation* 
Capacitdtces a2... C 0-4.10 mfd.....In 0.01 mfd. 
steps 
Auto-transformer...%80 to 124.5....In0.5%steps 


Mutual reactors....Ratio1lto1f 


*Reactance values are obtained by a combination 
of fixed air-gap reactors in series with a variable air- 
gap reactor. 

;Value of coupling is determined by impedance 
circuit connected across either primary or secondary. 
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actual system circuit; E’ is the calculator 
voltage at the load bus; Kv-a. is the 3 
phase kilovolt-ampere load desired; and 
¢ is the power factor angle. 

Generally, the systems which are set up 
on the calculator contain several load 
points and more than one generator; and 
the voltages at the load busses are not 
known. For such cases, an assumed value 
of E’ is used in the formula to determine 
the calculator values of resistance and re- 
actance of the load circuits. 


To adjust the values thus obtained to 
the desired values of load without chang- 
ing impedances, a simple load adjuster is 
used. This consists of an auto-trans- 
former with taps corresponding to 1% of 
the circuit voltage. This auto-trans- 
former is connected ahead of and in series 
with the load impedance. By means of a 
reversing switch, the auto-transformer is 
inserted to increase or reduce the applied 
voltage. The load adjuster is set by se- 
lecting the proper tap and switch position 
so that the voltage applied to the imped- 
ance equals the assumed value. For ex- 
ample, if the assumed value was 100 volts 
and the voltage read at the load bus was 
105, the auto-transformer tap would be 
set at 5%, and the reversing switch set to 
lower the voltage. The resistance and re- 
actance do not have to be changed, yet 
the volt-ampere load taken at the load 
terminal is equal to the desired value be- 
cause of the transformer action. The use 
of these load adjusters is a distinct ad- 
vance in calculator manipulation. 


Circuit Metering 


A set of master instruments is provided 
for determining the electrical conditions 
of the network. There have been several 
stages in the development of means for 
connecting the circuits to the master in- 
struments. The original design utilized 
manual plugging of an instrument switch 
associated with each circuit. Later, pro- 
vision was made for metering a few se- 
lected circuits from pushbuttons on the 
master control desk. These operated 
transfer relays, one for each circuit. Such 
an arrangement for all the circuits on a 
large calculator would require excessive 
space on the operator’s desk and thus 
would be inconvenient to handle. One of 
the outstanding features of the new calcu- 
lator is the use of a 25 pushbutton selec- 
tor, arranged in a compact assembly like a 
comptometer keyboard. By pushing the 
buttons corresponding to the digits of the 
desired circuit any one of the several hun- 
dred circuits is quickly connected to the 
master instruments. Only one circuit can 
be connected at a time because of me- 
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chanical and electrical interlocks. Figure 
4 shows the schematic diagram for this 
equipment. This simple circuit selector 
saves valuable space and facilitates circuit 
connection. 

The meter desk shown in figure 5 is the 
latest development in such equipment, 
being the result of experience with both 
horizontally and vertically mounted me- 
ters for this application. Having the cir- 
cuit metering instruments and controls 
and the writing space on the same sloping 
plane has been found to eliminate fatigue 
and to facilitate the recording of readings. 

Another distinct advantage of the new 
desk design is that sufficient space con- 
venient to the operator is made available 
for using two independent sets of instru- 
ments. One set is designed for maximum 
convenience in obtaining scalar quantities 
by means of an ammeter, a voltmeter, and 
a watt-var meter. The second set of 
master instruments for vector readings, 
comprises a voltmeter and an ammeter. 
These, in conjunction with an instrument 
phase shifter, permit obtaining component 
values of current and voltage as well as 
associated phase angle relations. The sig- 
nificant factors in the given problem de- 
termine the selection of instruments. For 
example, the scalar instruments are gen- 
erally chosen for the ordinary voltage 
regulation problem; while for stability 
problems, and certain relay studies where 
phase-angle and component quantities are 
desired, the vector instruments are better 
suited. 


All of the master instruments are rug- 
ged high torque, instruments with knife 
edge pointers. The scales are approxi- 
mately 5 inches long and very uniform so 
that with a minimum number of full scale 
values the entire range of electrical quan- 
tities can be accurately and quickly ob- 
tained. The instruments have a guaran- 
teed accuracy of !/, of 1% of full scale for 
any reading. In order to obtain better re- 
sults on voltage regulation studies, the 
voltmeters are calibrated for 100% accu- 
racy at the normal voltage values used in 
these studies. 


Scalar-Type Instruments, Watt-Var 
Meter, and Thermionic Amplifier 


The instruments provided for direct 
measurement of scalar current, scalar volt- 
age, and watts or vars are connected into 
the network through a thermionic ampli- 
fier which is so designed that the energy 
taken from the calculator network is neg- 
ligible. The schematic diagram is shown 
in figure 6. The amplifier is a negative 
feed-back type (current feed-back), so 
that the calibration is independent of 
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Line-Type Lightning-Arrester 


Performance Characteristics 


AIEE LIGHTNING ARRESTER SUBCOMMITTEE 


HIS report contains the performance 

data for the line type arresters rated 20 
to73kv. The characteristics of line type 
arresters were submitted as a committee 
report in AIEE TRANSACTIONS, volume 
57, 1938 (November section), pages 
661-2. The lightning arrester sub- 
committee felt that it was desirable 
to bring the data up to date at this 
time; also, that the characteristics of the 
arresters should be made available for dis- 
charge currents up to 20,000 amperes, as 
well as a curve showing the volt-time gap 
breakdown characteristics. 

The data in this report were obtained 
from the data submitted by the manufac- 
turers for their respective products. 
The average values in the report are the 
average of the manufacturer’s average 
values. 

The tolerance from average curve was 
found to be +25% for arrester break- 
down and +20% for arrester IR dis- 
charge voltage. 

The arresters covered in this report 


have a sixty cycle spark potential which 
is at least 1.5 times the arrester maximum 
permissible line-to-ground rating. 

Table I shows the arrester breakdown 
values taken on a wave rising to break- 
down at the rate of 100 kv/ms per 12 
kv of arrester rating. For this wave the 
breakdown occurs at about 0.4 microsec- 
ond. The table also includes the JR dis- 
charge voltage for currents of 1,500, 3,000, 
5,000, 10,000, and 20,000 amperes on a 
10X20 wave. 

The relation between arrester break- 
down voltage for the several voltage 
ratings is shown in figure 1. The toler- 
ances are also shown. 


Paper 41-138, recommended by the AIEE com- 
mittee on protective devices, and presented at the 
AIEE Pacific Coast convention, Yellowstone Na- 
tional Park, August 27-29, 1941. Manuscript sub- 
mitted April 20, 1941; made available for preprint- 
ing July 2, 1941. 


Personnel of the AIJEE lightning arrester subcom- 
mittee: H. W. Collins, chairman; H. N. Ekvall, 
F. R. Ford, I. W. Gross, Herman Halperin, H. G. 
Lloyd, L. R. Ludwig, W. J. Rudge, J. R. McFarlin, 
A. H. Schirmer, H. K. Sels, L. G. Smith, H. R? 
Stewart, E. R. Whitehead. 


temperature changes in the instrument, 
tube characteristics, and supply voltage 
variations. ®® 


Vector Instruments 


The vector instruments for measuring 
component values of current and voltage 
with respect to any reference or scalar 
values and relative phase angle are of the 
dynamometer type. Field coils in these 
instruments are energized from a phase 
shifter so that the instrument burden on 
the calculator network is negligible. The 
complete description of this scheme has 
been published previously.’ 


Conclusion 


The modern A.-C. network calculator 
has so improved the technique of opera- 
tion that little time or effort is required to 
set up, adjust, and take readings. Errors 
due to operator’s fatigue are practically 
eliminated. More studies can be made in 
a given length of time. These benefits are 
of maximum significance during a period 


Lightning-Arrester Performance 


such as the present, when time is the most 
important factor in power system plan- 
ning. 
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KILOVOLTS CREST 


Figure 1.  Arrrester breakdown voltage at 100 kv per microsecond 


per 12 kv of rating 
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Figure 3 (upper The arrester volt-time breakdown char- 


right). Arrester IR acteristics are shown in figure 2. The 
discharge breakdown values are given for times as 


Voltage 10X20 small as !/, microsecond and as great as 6 
Average values microseconds. 


Tolerance +20 per Arrester average 7R discharge voltages 


cent are shown for all ratings at currents of 
1,500, 3,000, 5,000, 10,000, and 20,000 


amperes, 1020 wave. 


The data in this report will assist in the 


i evaluation on a volt-time basis of the 
Ww . 
& margin between the arrester performance 
2 and the insulation to be protected. Con- 
> sideration must also be given in such eval- 
= uations to other factors including rate 
of voltage rise, distance (circuit feet) be- 
MICRO- SECONDS TO BREAKDOWN tween the arrester and the apparatus, 
Figure 2. Volt-time impulse-gap breakdown ground resistance, selectivity required. 
Performance Characteristics Line-Type Arresters (20-73 Kv) 
Ar- IR Discharge Voltage on 1020 Current Wave 
rester Arrester Breakdown 
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A Cathode-Ray Oscillograph With 


Rotating-Drum Camera 


E.G. DOWNIE 


ASSOCIATE AIEE 


HE equipment and methods to be de- 
| eas have been developed to meet a 
need for a simple and effective means of 
photographing recurring or non-recurring 
waves viewed on the screen of the cathode 
ray oscillograph. The recording camera 
is simple and easy to operate and very 
economical of film. The recording method 
also provides for photographing any num- 
ber of voltage or current waves, and later 
comparing the phase angles of all the 
waves. This oscillograph is designed pri- 
marily for slow speed work, particularly 
on waves of 60 cycle fundamental fre- 
quency, and in this feature is entirely dif- 
ferent from the high speed cathode ray 
oscillograph described by Kuehni and 
Ramo.! 

The cathode ray tube used is a high 
vacuum, seven inch screen tube. The 
screen is of the ‘‘fast”’ type with a highly 
actinic spot of short persistence. A suit- 
able enclosing sheet steel case and a 
separately boxed 3,000 volt d-c power 
supply unit were constructed. When the 
equipment is used for visual work, sweep 


PANELS RROD, 


Figure 1. Camera arranged for spring opera- 


tion of drum 
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voltage is applied to one pair of deflecting 
plates from an independent sweep circuit. 

Permanent records of the screen images 
are obtained with a revolving drum 
camera focused on the screen. No sweep 
voltage is used so that the wave to be 
photographed appears as a single straight 
line on the screen; with the moving film 
providing the time axis. The camera con- 
sists of an 81/2 in. by 61/2 in. by 3 in. sheet 
steel box with light tight cover, a 51/» in. 
diameter drum (taking 35 mm. film) 
mounted on a single ball bearing with 
shaft and control arm extending out of 
box; and a Biotar lens of 50 mm. focal 
length, F1.4 aperture. In use, the camera 
is spaced approximately 15 in. from the 
tube screen by a light tight tapered sheet 
steel shield. This spacing is such that the 
image of the screen approximately fills 
the usable width of the perforated 35 mm. 
film. 

Rotation of the film drum is accom- 
plished by two methods. The first method, 
involving only a single revolution of the 
drum, is used for low film speed, and has 
been found especially useful for recording 
60 cycle wave forms. As shown in figure 
1, the drum control lever is locked at the 
beginning and end of a revolution by 
spring catches. At the start, the lever 
is given a short impulse by a spring ten- 
sioned lever, when released from the first 
spring catch. The ball bearing mounted 
drum has sufficient inertia to make the 
revolution at practically constant speed, 
and at the end is stopped by the rubber 
padded bolt and held by the second spring 
catch. Drum speed is controlled by 
changing the impulse lever spring tension 


Figure 2. Camera with syn- 


chronous motor drive 
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and is fairly constant at a fixed setting — 
during successive exposures. The film 
exposure is made by opening a simple 
shutter at the start of the revolution and 
closing it at the end. Transients may be 
initiated at about one third of the drum 
revolution by the small toggle switch 
operated by the drum control lever. The 
switch is double throw, so it may be used 
to open or close a circuit, as may be re- | 
quired. 

The second method of drum operation is 
by synchronous motor drive. Continuous 
rotation is permitted by removing the 
stop and spring catch assembly. The 
motor most frequently used was made 
from a synchronous phonograph motor by 
special gearing, to give a speed of 550 
rpm. The resulting film speed is 13.6 ft. 
per sec. and the span of one cycle of a 60 
cycle wave is 2.72in. Thisis a convenient 
speed for 60 cycle phase angle measure- 
ments to be later described. Exposure of 
the film in this case is made by opening 
of the shutter during a single revolution, 
or 4/19 second. Synchronization of the 
shutter with the drum is desirable but 
not absolutely necessary. The motor and 
camera assembly are shown in figure 2 
and the complete assembly with oscillo- 
graph in figure 3. In use, of course the 
tapered shield fits tightly in the end of the 
oscillograph case. Available materials 
made it more convenient to mount the 
1/1) second shutter in the shield, instead 
of on the camera proper, as would be more 
desirable. 


The film drum is removed from the 
case for convenient loading of the film. 
The 35 mm. film (either unperforated or 
the standard perforated motion picture 
film) is cut to proper length, wrapped 
tightly around the drum, and fastened at 
the ends with a small piece of adhesive 
tape. Loading must of course be done in 
a dark room. Film used is the most sensi- 
tive obtainable, Eastman Super-XX, or 
Agfa Ultra-Speed Panchromatic; and is 
developed to high contrast in a “‘maxi- 
mum energy” developer such as formula 
D-82. Such extreme sensitivity is not 
needed for low frequency waves, but is 
required when high frequency surges are 
to be recorded. In practice the intensity 
of the oscillograph beam is the only fac- 
tor changed to provide proper exposure 
at different frequencies. Too high in- 


Paper 41-155, recommended by the AIEE com- 
mittee on instruments and measurements, and pre- 
sented at the AIEE South West District meeting, 
St. Louis, Mo., October 8-10, 1941. Manuscript 
submitted March 23, 1938; made available for 
preprinting August 11, 1941. 


E. G. Downig is with the General Electric Com- 
pany, Fort Wayne, Ind. 


1. For all numbered references, see list at end of 
paper. 
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Figure 3. Camera and oscillograph assembly 


tensity beam at low frequencies will cause 
screen retention and blurring on the re- 
cording film. The film may conveniently 
be developed, four lengths at a time, ina 
small tank such as used for 36 exposure 
miniature camera film. 

The synchronous motor drive provides 
a uniform time axis, for comparison of 
successive films. A reference point of 
phase position on each film then, would 
also permit comparison of phase angle of 
waves on successive films. This reference 


Figure 4. Phase-angle measurement of lumi- 
nous tube transformer voltages 
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point in each half cycle is obtained by 
superimposing a small peaked voltage on 
the wave being studied. This is provided 
by a coil mounted outside the tube carry- 
ing current from a special transformer? 
which produces a small peaked voltage of 
approximately 5 degrees duration in each 
half cycle. The magnetic field from the 
coil deflects the cathode beam in con- 
junction with the electrostatic field from 
the internal plates. This transformer 
must be excited from the same source as 
the waves being recorded. The voltage 
shows up on the film as a peak or ripple 
superimposed on the original wave. It 
can be easily identified on any except 
very irregular high frequency waves. 
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Adjustment of the phase position of the 
peaked voltage is often desirable to place 
the peak where it will least interfere and 
be easiest distinguished on the test wave. 
Some models of the peaked voltage trans- 
former provide a limited phase shift by a 
variable resistance in one part of a di- 
vided primary winding. A three-phase 
original voltage source can also be utilized 
to provide a suitable phase position. 

A series of films taken by the above 
method may be analyzed as shown in 
figure 4. The films are first arranged in 
careful register, with respect to the peaked 
voltage, on a printing frame and a nega- 
tive film copy made from them. En- 
larged prints are then made from this 
negative, giving black lines on a white 
background. The vertical line drawn 
through the peaks is the phase reference, 
from which measurements may be made 
on the various waves. Figure 4 shows 
oscillograms taken of luminous tube trans- 
former secondary voltages, to show the 
phase relation between no load and vari- 
ous tubing load conditions. This is not 
conveniently done with a mechanical 
oscillograph, since only the cathode ray 
oscillograph, through a capacitance volt- 
age divider, gives a true indication of 
luminous tube voltages. 

In recording an unknown or mixed 
frequency wave, such as produced by 


Oscillograms taken with spring 
operation of drum 


Figure 5. 
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High-Voltage D-C Flashover of Solid 


Insulators in Compressed Nitrogen 


JOHN G. TRUMP 


ASSOCIATE AIEE 


IGH-voltage apparatus insulated by 

compressed gas requires the use of 
solid insulating supports. It is generally 
recognized that even in a uniform field 
the flashover voltage of such solid insula- 
tion is considerably lower than for the gas- 
filled gap of equal length. An increase in 
the allowable gradient along such insula- 
tors would in general result in a reduction 
in the size, weight, and cost of gas-insu- 
lated apparatus, and must therefore be 
considered an important and funda- 
mental objective of high-voltage engineer- 
ing. It is probable that the flashover 
strength of solid insulators may be 
brought closer to that of the gases in 
which they are immersed, or to their 
inherent volume breakdown strength, 
through a better understanding of the in- 
fluence on insulator flashover of such fac- 
tors as material, surface condition, corru- 
gations, and gas pressure. 


Paper 41-146, recommended by the AIEE commit- 
tee on basic sciences, and presented at the AIEE 
Pacific Coast convention, Yellowstone National 
Park, August 27-29, 1941. Manuscript submitted 
April 22, 1941; made available for preprinting 
July 30, 1941. 


Joun G. Trump is assistant professor at Massa- 
chusetts Institute of Technology, Cambridge, Mass. 
James ANDRIAS is with the Naval Ordnance labo- 
boratory, Navy Yard, Washington, D. C. 


The Isolantite test pieces were obtained through 
the courtesy of Isolantite, Inc., of New York, N. Y. 


1. For all numbered references, see list at end of 
paper. 


noise or vibration, a permanent timing 
record on the film is desirable. The super- 
imposed peak is not distinguishable on 
such a wave. Another method of adding 
the timing record was devised and found 
to be quite satisfactory. A small hydro- 
gen filled 110 volt incandescent light bulb 
is enclosed in a shield to emit a small spot 
of light, and placed at the edge of the tube 
screen. The filament of the hydrogen 
filled bulb, operated on 60 cycle alternat- 
ing current, completely darkens every half 
cycle and makes a broken trace at the 
edge of the oscillographic film. A lumi- 
nous gas bulb, of sufficient intensity to 
record on the film, could be used as well. 
A film recording vibration, with timing 
trace by this method, is shown in figure 
5. The other items in figure 5 show a 
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JAMES ANDRIAS 


ASSOCIATE AIEE 


Most of the scant literature on this sub- 
ject is restricted to relatively low alter- 
nating voltages, small samples of solid 
dielectrics, or to special insulator shapes 
in non-uniform fields.!_ Reher studied the 
flashover of plain cylinders of ebonite, 
paraffin, and porcelain in dry air at pres- 
sures up to 15 atmospheres, using alter- 
nating voltages up to 140 kv maximum.? 
Goldman and Wul’ have investigated the 
flashover of plain ebonite cylinders in 
nitrogen with alternating voltages up to 
125 kv maximum and pressures up to 20 
atmospheres. The present paper reports 
d-c flashover values up to 250 kv across 
short cylindrical insulators placed in the 
uniform field between metallic electrodes. 
These studies were made on both plain 
and corrugated cylinders of three dis- 
similar insulating materials immersed in 
dry nitrogen at gauge pressures up to 400 
Ibs. per square inch. 


Apparatus 


The test insulators were mounted be- 
tween six-inch-diameter steel electrodes 
supported within a 13-inch-diameter steel 
pressure chamber. One of these elec- 
trodes was fastened to the end of a high- 
voltage bushing capable of bringing into 
the tank voltages up to 500 kv; the other, 
to a movable support which was insulated 


luminous tube voltage wave form and a 
“‘saw-tooth” sweep voltage. These were 
taken with the single revolution method of 
drum operation. 

The oscillograph and camera equip- 
ment has been used in regular laboratory 
testing and developmental work during 
the past two years. In addition to the 
above mentioned application, they have 
been used in analysis of high frequency 
ripple in output of direct and alternating 
current generators; measurement of radio 
frequency surges in both windings of ig- 
nition, high potential testing, and lumi- 
nous tube transformers during high and 
low side switching; and noise and vibra- 
tion analysis of motors. Recently the 
equipment was transported 200 miles by 
automobile and returned with oscillo- 
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from ground so that the pre-flashover cur- 
rents could be measured. The electrode 
gap was of such shape that a substantially 
uniform field existed in the central gap 
area for all spacings up to 11/2 inches. 
Windows were provided in the tank so 
that the appearance of corona and flash- 
over could be observed. 

The voltage source was a 500-kv elec- 
trostatic generator of the Van de Graaff 
type. The voltage was measured by a 
special spiral-line, high-voltage resistor 
with an estimated error of less than 3 per- 
cent. Dry commercial nitrogen, which is 
similar in its electrical properties to air 
and other permanent gases, was used in 
this work. 


Test Pieces 


Three types of solid-insulator materials 
known by the trade names, Lucite, 
Textolite, and Isolantite, were studied. 
Lucite is a polymerized methylmethacryl- 
ate which has properties of high dielectric 
strength and resistivity, homogeneity, 
and machinability, with moderate me- 
chanical strength. Textolite (No. 2029) 
is a laminated plastic with a paper base 
bonded with a phenolic compound. This 
material has a high dielectric strength 
across laminations and a moderately high 
resistivity. These two materials have 
basic differences which influence their 
performance as insulators, and each may 
be regarded as representative of a large 
group of plastics which are useful as solid 
insulation in high-voltage applications. 
Lucite is homogeneous in the volume, has 
the high volume resistivity of 101° ohm 
em, and may be given a smooth, nearly 
optically perfect surface finish; while 
Textolite is laminated, has moderate sur- 


grams of high potential testing voltages 
on an assembly line. It is clear that this 
type of oscillograph does not attempt to 
replace the mechanical oscillograph, the 
cathode ray oscillograph with single high 
speed condenser discharge sweep, or the 
newly developed multibeam cathode ray 
tube, but it has been found very useful in 
a class of work not well covered by any 
of these. 
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face resistivity and a volume resistivity 
of about 10" ohm cm, and can readily be 
given only a moderately smooth surface 
finish. Isolantite is a porcelain ceramic 
which has maguesium silicate as its chief 
ingredient. This material, which may be 
considered as representative of most elec- 
trical porcelains in this application, has 
high surface resistivity and volume re- 
sistivity of about 10'* ohm cm, is uniform 
in the volume, and has the surface smooth- 
ness and mechanical properties character- 
istic of porcelains. The approximate di- 
electric constant of these materials in the 
order mentioned above is 4.2, 4.6, and 6.1. 

The test insulators were circular in 
cross section so as to provide axial sym- 
metry, and were 1/4, 1/2, */4, and 1 inch 
in length. The plain cylinders of Texto- 
lite and Isolantite were 2 inches in diame- 
ter, while those of Lucite were 11/, inches 
in diameter. All of the corrugated pieces 
had four corrugations per inch, with a 
2-inch root diameter for the Textolite 
and Isolantite, and a l-inch root diameter 
for the Lucite. The laminations of the 
Textolite test pieces were perpendicular 
to the axis of the cylinders. The cylin- 
drical surfaces of the Isolantite test pieces 
were glazed. 

To ensure good electrical contact be- 
tween the test insulators and the elec- 
trodes, the end surfaces of the former were 
carefully coated to within 1/32 inch of the 
edges with a conducting graphite mixture. 
This method was found to be the best of 
the several means of securing end contact 
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Figure 1 (left). D-c 
flashover strength of 
Lucite cylinders im- 
mersed in dry nitro- 
gen at high pres- 
sures. Uniform field 
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Figure 2(right). D-c 
flashover strength of 
Textolite cylinders 
immersed in dry 0 
400 nitrogen at high pres- 0 
sures. Uniform field 


which were tried. To ensure a dry and 
clean surface condition, the specimens 
were cleaned with carbon tetrachloride 
and stored for several days in an atmos- 
phere in which the relative humidity was 
maintained at less than one percent. 


Test Results 


The d-c voltage which the insulators 
could withstand was in every case limited 
by surface flashover rather than volume 
breakdown through the material. Figure 
1 gives the d-c flashover of plain and cor- 
rugated cylinders of Lucite placed in the 
uniform field between metal electrodes in 
compressed nitrogen. It is to be noted 
that with this homogeneous and high- 
resistivity material the advantage of cor- 
rugations becomes considerable only at 
the higher pressures. The flashover volt- 
ages increase linearly with pressure at 
first, and then more slowly. The flash- 
over values increase nearly directly 
with the length. Figures 2 and 3 give 
similar data for Textolite and Isolantite. 
At the higher pressures Textolite shows a 
considerably lower flashover voltage than 
Lucite. For reasons that are discussed 
below, the influence of corrugations in 
raising the flashover voltage is pro- 
nounced. The flashover values obtained 
with plain cylinders of Isolantite were 
normal at atmospheric pressure but in- 
creased relatively slowly with pressure. 
This material was markedly benefited by 
corrugations. 
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In figure 4 the flashover strengths of 
‘/,-inch corrugated cylinders of these 
three materials between flat electrodes in 
compressed nitrogen are compared, over 
the same pressure range, with the break- 
down strength of the gap alone. At the 
lower pressures the flashover strength of 
corrugated Lucite is nearly the same as 
that of the gas gap, the departure in- 
creasing more rapidly the higher the pres- 
sure. At 100 lbs. per square inch the 
relative flashover strengths of the Lucite, 
Textolite, and Isolantite cylinders, on the 
basis of 100 percent strength for the 
nitrogen gap, were 80 percent, 48 per- 
cent, and 40 percent, respectively. 


Influence of Surface 
Irregularities on Flashover 


The fact that surface flashover limits 
the voltage which can be applied to a 
solid insulator placed between plane paral- 
lel electrodes in a compressed gas, may 
be explained by physical and electrical 
surface irregularities and by the field- 
distorting influence of surface-bound 
space charges. Since solid insulators 
usually possess dielectric constants in the 
range from 2 to 6, and are immersed in a 
compressed gas whose dielectric constant 
is substantially unity, the effect of 
physical irregularities—such as a depres- 
sion—is to distort the otherwise uniform 
electric field and to increase the electric 
field intensity on the insulation of the 
lowest dielectric constant. Figure 5a 
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GAUGE PRESSURE 


shows the equipotential lines and lines of 
electric flux in the region of an ideal insu- 
lator placed in the uniform electric field 
between parallel electrodes. Figure 5) 
shows the concentration and distortion of 
the field caused by a depression in such an 
insulator. The stress in the region of this 
depression is nearly k times the average 
stress of the gaseous medium where k is 
the dielectric constant of the solid. Thus, 
although the average gradient may be 
substantially less than that required for 
the breakdown of the gas, the gradient in 
the region of the irregularity may be suf- 
ficient for local ionization. Although the 
space charge which builds up on the sur- 
face of such a defect tends to correct the 
unfavorable field situation, this local 
ionized condition of the gas and surface 
will lead to flashover at a lower voltage 
than would otherwise be required. This 
self-healing by ionization in the vicinity 
of defects in solid insulation is much less 
effective when alternating potentials are 
applied, since in this case energy must be 
expended continuously in the overstressed 
region. The discussion below is based on 
applied constant potentials only and 
should not be assumed to hold in the case 
of alternating potentials. 


Influence of Surface Leakage 


Another factor entering into the d-c 
flashover strength of insulators is the 
modification of the potential distribution 
along the insulator surface by leakage. If 
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Figure 3 (left). D-c 
flashover strength of 
Isolantite cylinders 
immersed in dry 
nitrogen at high pres- 
sures. Uniform field 
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the surface and volume of the insulator 
have a uniform leakage resistance, the 
gradient along the surface is constant 
and the potential distribution is ideal. 
Such uniformity of leakage is difficult to 
obtain, however, particularly when high 
resistivities such as that of solid insulators 
are involved. Factors of two in the re- 
sistivity of dry, carefully conditioned sur- 
faces of the same insulating material are 
not uncommon, and the influence of 
moisture or surface contamination may 
cause local variations of the resistivity 
differing from the average by several 
orders of magnitude. While such non- 
uniform surface leakage may be modified 
in some cases by the more uniform leakage 
through the volume of the insulator, it 
has the effect of imposing a less favorable 
distribution of potential along the in- 
sulator surface. Local ionization and 
breakdown of the surrounding gas will 
originate in the regions of high field in- 
tensity, and complete flashover of the in- 
sulator will take place at a lower voltage 
than would be required under uniform 
leakage conditions. 


Effect of Surface-Bound Charges 


Again, distortion of the electric field in 
the vicinity of the surface of an insulator 
may result from charge accumulations on 
the surface. This effect should be most 
pronounced on insulators in which the 
surface and volume leakage is very small. 
Such surface-bound charges may be pro- 
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duced by sparking or by corona from an 
electrode projection. It was observed, in 
the case of the Isolantite insulators, that 
at the higher pressures the voltage di- 
minished with repeated flashover to about 
50 percent of the normal value, but that 
the normal voltage was recovered after 
a lapse of 15 to 30 minutes. This effect 
was apparently due to the accumulation 
of surface-bound space charges which 
distort the electric field. The charge 
could also be caused to leak off more 
rapidly by reducing the gas pressure to 
atmospheric pressure. This effect was 
not observed with Lucite, although Lucite 
has even higher resistivity than Isolantite. 
This is probably because considerable 
corona preceded flashover in the case of 
Isolantite, due to the relatively poor end 
conditions mentioned below. A corre- 
sponding space-charge effect has been ob- 
served in porcelain high-voltage x-ray 
tubes. When the inside porcelain wall of 
such a tube is insufficiently shielded, 
charge accumulations may occur on the 
porcelain because of secondary emission. 
Such an accumulation may displace the 
electron beam, and this displacement may 
persist for long periods of time. By intro- 
ducing air, so as to change from vacuum 
insulation to a relatively conducting state, 
this bound charge is quickly removed. 


End Effects 
A cause of lower flashover voltage can 


often be found in the improper contact 
between the solid insulation and the metal 
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ectrodes between which it is mounted. 
't was ascertained that the low flashover 
oltage of the Isolantite, for example, 
could be ascribed largely to this condition. 
As illustrated in figure 5c, the ends of 
these cylinders fitted imperfectly against 
he flat electrodes, leaving small wedge- 
haped gas-filled gaps between electrode 
d insulator in which ionization readily 
occurred in the manner described above. 
his ionization, which may show as a 
continuous and visible discharge, both 
lowers the breakdown strength of the 
gas and distorts the electric field around 
the insulator by surface-bound charges. 
In order to confirm this cause of lower 
flashover, the ends of one of the Iso- 
Diantite cylinders were reground to secure 
an improved contact with the electrodes. 
Pa contact was still not ideal, this 
_ procedure increased the flashover values 
_by about 20 percent. This difficulty was 
not observed with either Lucite or Texto- 
lite, since these materials could be ma- 
chined quite accurately, and since their 
plastic nature insured excellent contact 
at the electrode-insulator boundaries. 
The influence of end contact must be re- 
garded as of particular importance be- 
cause ionization in this region can be sup- 
plied with unlimited amounts of power 
from the electrodes. 


Effect of Corrugations on 
Insulator Flashover 


It can be seen from figure 5d that the 
electric field is distorted in the vicinity 
of corrugations and that the electric field 
intensity acting on the gas between cor- 
rugations is materially higher than aver- 
age because of the interposition of ma- 
terial of relatively high dielectric constant. 
It is to be noted, however, that this field 
distortion is a not-altogether-unfavorable 
effect, and that the increase in field 
strength between corrugations is by a 
factor of about 2 rather than k, as in the 
case of the wall defect of figure 5b.* 

In the case of plain insulators, the im- 


*If a layer of gas of thickness d; and a layer of solid 
insulation of thickness d: and dielectric constant Ke 
are arranged in series between parallel electrodes, 
the electric field intensity acting on the gaseous 
portion of the gap may be shown to be G= KV + 
(d2>+Ked:1) where V is the total applied voltage 
If di: is small in comparison with dz, the field in- 
tensity acting on the gas approaches K2 times that 
which would exist in the gap if it contained gas 
alone. This approximates the situation in the case 
of an insulator having a narrow fissure or cleft, as 
in figure 5b, or one which has poor end contact, 
as in figure 5c. When the thickness of the two dis- 
similar dielectrics are equal, the field intensity on 
the gaseous gap is 2K:V/(1+ K:)d where d=di+d2 
or 2K:/(1+K:) times that ofa completely gas-filled 
gap. This approximates the situation in the cor- 
rugated portion of an insulator, as in figure 5d. 
The field intensity in the gas is in all cases Kz times 
greater than in the solid dielectric in series with it. 
This explanation assumes that the electric field is 
due to charges on the electrodes alone. 
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minence of flashover is often revealed by 
a succession of faint gliding discharges 
originating on one electrode at the edge 
of the insulator and proceeding along the 
insulator surface toward the opposite elec- 
trode. On further increase in voltage, 
these surface gliding discharges increase 
in brilliance and length, and finally de- 
velop into complete and intense flashover. 
Corrugations, aside from increasing the 
surface length of the insulator, provide 
a shielding and localizing effect against 
such discharges which more than com- 
pensates for the field distortion and in- 
creased field intensity. The insulator 
surfaces on the side walls of the corruga- 
tions lie in a protected region of low in- 
tensity where the disturbing effect of dis- 
charges penetrates with difficulty. This 
is shown by the fact that the final flash- 
over does not in general follow the con- 
tour of the corrugated insulator but 
glides over the tips of the corrugations 
and leaps across the gas gap between the 
corrugations. 

The net effect of corrugations is to 
establish longitudinally along the insu- 
lator surface regions of alternately high 
and low field intensity which tend to 
localize the influence of surface defects, 
poor end contact, and space charge, and 
which interrupt the progress of gliding 
discharges. Corrugations, accordingly, 
should be expected to play the greatest 
role in those cases in which most of these 
conditions exist. The flashover strength 
of the Isolantite was markedly increased 
by corrugations, as can be seen from 
figure 3. In this case, local ionization at 
the ends caused a surface-bound charge 
to appear on the nearest corrugation, 
which reduced the tendency toward fur- 
ther ionization leading to flashover. In 
the case of Lucite these adverse factors 
were not present to any considerable ex- 
tent, so that little advantage from corru- 
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Figure 5. Field pictures of an ideal plain 

insulator in a uniform field (a), an insulator 

with a wall defect (6), an insulator with un- 

favorable end conditions (c), an ideal cor- 
rugated insulator (d) 


gations was obtained until the higher 
pressures and gradients, at which all in- 
fluences become more important and 
critical. It should, however, prove ad- 
vantageous in general to employ corru- 
gations in all practical applications of 
solid insulators in compressed gases, since 
—even with favorable initial conditions— 
it is probable that imperfections in the 
insulator surface, non-uniform leakage, or 
surface-bound charge arising from pro- 
jections on the electrode may appear in 
time. 

There is considerable tendency in the 
design of corrugated insulators for use in 
compressed gas or in high vacuum to have 
the maximum diameter at the insulator 
ends. Thisis intended to avoid the higher 
gradient which would be found immedi- 
ately adjacent to the electrode, were the 
insulator to terminate in the root diame- 
ter. Itis to be pointed out, however, that 
very small defects or crevices in the con- 
tact will result in local ionizing gradients, 
and that when this condition exists on the 
large-diameter ends, the ensuing gliding 
discharges may proceed from the fault 
toward the opposite electrode with little 
opposition. It appears preferable to 
terminate the insulator in the root diame- 
ter, as shown in figure 5d, in order that 
the nearest corrugation may act as a 
space-charge shield. 


Conclusion 


The d-c flashover strength of certain 
solid insulators in compressed gases is 
less than that of a corresponding gas- 
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The Equal-Volt-Ampere Method of 
Designing Capacitor Motors 


P. H. TRICKEY 


MEMBER AIEE 


Introduction 


N September 1932, the writer pre- 
sented a method of designing capaci- 
tor motors, known as the “balanced” 
method. Since that time an improvement 
on that method has been devised which 
has certain definite advantages. 


The Equal-Volt-Ampere Method 


The ‘“equal-volt-ampere’ method is 
fundamentally based on the ‘‘balanced”’ 
method, and consists in departing from 
the balanced winding in a certain pre- 
scribed manner so that the essential fea- 
tures are obtained with a smaller capaci- 
tor. The steps are as follows: 


1. The motor is calculated as a two phase 
motor with both phases the same as the main 
winding of the proposed motor. 


2. Using the formulas of the ‘‘balanced’”’ 
method, a balanced winding and capacitor 
are designed by balancing at the full load 
point. -The performance of this motor is cal- 
culated by the balanced method. If the 


performance is satisfactory, and if the 
capacitor is not operating up to its rated 
voltage, an “equal-volt-ampere”’ winding 
may be designed. 


3. Choosing a value of capacity to be used 
in the proposed motor (usually the nearest 
size to give a capacitor voltage slightly less 
than the rated volts of the capacitor), cal- 
culate the new capacitor voltage as the 
square root of the the ratio of the balance 
point microfarads to the proposed micro- 
farads. 


4. Since the phase angle between the wind- 
ing voltages is practically 90°, the capacitor 
winding voltage is obtained as the square 
root of the difference of the squares of the 
new capacitor voltage and the line voltage. 


5. The winding ratio “K’’ (which is the 
ratio of the effective capacitor winding con- 
ductors to the effective main winding con- 
ductors) is the ratio of the new capacitor 
winding volts to the line or main winding 
volts. 


6. Calculate the new ‘‘K,”’ from the ratio 
K/K,=a constant, which should be kept 
the same as in the original balanced motor 


"a 


ia 
Ktim 


Figure 1. Effect of 


departure from the 


balance point while 
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keeping approxi- 
mately constant ca- 
pacitor volt-amperes 


filled gap or than the puncture strength 
of the material. It is strongly influenced 
by surface defects, non-uniform surface 
leakage, surface-bound space charges, and 
by end conditions. The flashover strength 
benefits substantially by increase in the 
dielectric strength of the gas, and may 
approach the value of the free-gas gap 
when favorable field configurations, insu- 
lator materials, and proper surface and 
end conditions are included in the de- 
sign.4 
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where 


Y1qa=capacitor winding resistance 
Tim = Main winding resistance 


In other words, the weight of wire in the 
capacitor phase is kept the same. 


7. Choose the capacitor winding turns and 
wire size to give the new values of K and Kg. 
The nearest wire size is usually close enough. - 


Results of the Method 


The determination of K and K, com- 
pletes the design of the ‘‘equal-volt- 
ampere” motor. Its performance will be 
almost identical to that of the ‘“‘balanced”’ 
motor except for a slight decrease in 
power factor. This is best illustrated by 
the example below: 


EXAMPLE MOTOR 


1/,hp 1140rpm 115 volt 60 cycles three 
speed capacitor motor (speed change ob- 
tained by voltage control through regulator) 


BALANCE POINT 


K=1.746 K,=2.50 mfd=18.85 E,=231 


DESIRED CAPACITOR 


Mfd=12.6 (nominal value 12) rated at 330 
volts 


NeEw CAPACITOR VOLTS 


18.85 
—— = 283 


EB,’ =231 
12.6 


NEw CAPACITOR WINDING VOLTS 
Eq! = V/283?—115?= 259 


NEw WINDING RATIO 
Ki =259/115=2.25 


NEw RESISTANCE RATIO 


Kg’ =2.50(2.25/1.746) =3.22 


where 
CKw, 
CKwm 

effective series conductors in capacitor phase 


effective series conductors in main phase 


Ka=na/Krym 

"aq =resistance of capacitor winding 
’im= resistance of main winding 

E, =capacitor voltage 

Eq =capacitor winding voltage 
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Balance Equal-Volt- 

Performance Point Ampere Point 
oe ee eee eee ee 
Full-load amperes..... ACY is n.5 O10 3.40 
Full-load watts........ SOA metas os 335.2 
Full-load rpm......... 1:07 Osea 1,070 
Full-load efficiency.... 60.0 ..... 59.7 
Full-load power factor... 87.5 ..... 85.8 


Figure 1 illustrates the effect on full 
load performance as the equal-volt- 
ampere winding departs from the balance 
winding with either more or less micro- 
farads. (It should be noted at this point 
that while the method is called ‘‘equal- 
volt-ampere”’ there is a slight variation 
from exactly constant volt-amperes.) 

Figure 2 illustrates the effect on the 
current vectors. With less than balanced 
point microfarads, the currents are less 
than 90° apart, and with more than bal- 
ance point microfarads they are more than 
90° apart. 

Figure 3 shows the effect on starting 
torque and current. 

Figure 4 shows the effect on the stand- 
still vector diagram. 

Figure 5 illustrating the effect on the 
speed-torque curve, shows that reduction 
of the microfarads by this method, results in 
a slight reductionin the maximum torque. 

Figure 6 shows the effect on the no load 
performance which is a slight improve- 
ment with reduced microfarads. 

Figure 7 shows the effect on the no load 
vector diagram. 
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Figure 8 shows how this method affects 
the possible starting torque of a two value 
motor. It illustrates definitely that K can 
not be increased too far if it is necessary 
to obtain a high value of starting torque 
on the starting capacitor. In this case, 
the value of K and K, would have to be 
determined by the necessary starting per- 
formance. Then the proper value of 
“equal-volt-ampere” running microfarads 
would have to be chosen to agree with 


‘these values of K and K,. 


Conclusions 
The ‘‘equal-volt-ampere” method is a 


very simple and straightforward method 
of design. A motor is obtained which is 
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well proportioned between performance 
and cost. All the necessary performance 
values of efficiency, speed, losses, and 
heating are obtained by relatively easy 
calculation formulas. That is, the per- 
formance is calculated by the “‘balanced”’ 
method, and used as the performance of 
the ‘‘equal-volt-ampere”’ motor. 
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ELECTRICAL ENGINEERING 


HE problem of controlling and restrict- 
ing the temperatures of motor wind- 
ngs, is of vital importance to the motor 
anufacturer, the motor user, and the 
eneral public. The motor manufacturer 
s anxious to have winding temperatures 
restricted to a safe value, so that his prod- 
ucts may have customer acceptance. The 
motor user is interested in winding tem- 
peratures because they affect motor life 
and maintenance cost. The general pub- 
lic is not conscious of any interest in the 

‘matter, but is certainly affected in all 

cases where excessive temperatures result 
in fire hazards. 

In the early days of the industry, mo- 
tors did not have adequate protection 
against overheating, because suitable pro- 
tective equipment was not available. 
Motor circuits were fused, but the fuses 
had to be large enough to accommodate 
the motor starting current and were, 
therefore, too large to properly restrict the 
running current or protect the windings. 
However, the lack of proper protection 
was partially offset by the special atten- 
tion which was given motors by their 
owners and attendants. 

The shortcomings of fuses led to the de- 
velopment of magnetic type relays pro- 
vided with dash-pots, which retard the 
operation of the relays to such a point 
that they can be set to operate close to 
the full load current of the motor and still 
have enough time delay to allow the motor 
to start. These relays were incorporated 
in motor starting switches and in most 
cases provide adequate motor protection, 
but they have one undesirable character- 
istic. Their operation depends entirely 
on motor current, while the temperature 
of motor windings depends upon the room 
temperature as well as the motor current. 
A magnetic type relay which will protect 
a motor located in a room of normal tem- 
perature may therefore not protect the 
same motor when it is operated in a high 
ambient temperature. 

Thermal type relays were the next de- 
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velopment and are widely used today in 
motor starting switches. As the name 
indicates, these devices are actuated by 
the heating of a resistor, the temperature 
of which depends upon both the ambient 
temperature and the motor current. If 
the thermal characteristics of the resistor 
are like those of the motor, and if the re- 
lays have the same ambient temperature 
as the motor, thermal relays installed in 
starting switches should be entirely ade- 
quate for the protection of motor wind- 


ings. The first of the above conditions is 
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Cross-section of protector with 
heater coil 


Figure 1. 


only approximated and the second one 
cannot always be met, therefore, starting 
switches provided with thermal relays 
must also be used with discrimination. 


Inherent Overheating Protective 
Devices 


Motor overheating is usually due to 
overloading, but may also be caused by 
too frequent starting, by foreign material 
becoming lodged in the motor openings, 
by installing the motor in a non-venti- 
lated compartment, or in a number of 
similar ways, and such overheating can- 
not be prevented by any device which is 
mounted outside of the motor. Complete 
protection of motor windings can only be 
obtained by using thermal devices which 
are mounted inside the motor enclosure 
and which make use of resistors or “heater 
coils” through which the motor current 
passes. These devices are ordinarily 
known as “motor protectors” and are 
designated by the Underwriters’ Labora- 
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tories as “Inherent Overheating Protec- 
tive Devices.” 

Motor protectors have many modifica- 
tions. When applied on certain types of 
service they are of the automatic reset 
type and as the name implies such a pro- 
tector stops the motor when it reaches a 
dangerous temperature and automatically 
starts the motor when its temperature de- 
creases to a safe value. For other types of 
service, protectors are of the manual reset 
type which must be reset by an attendant, 
who presumably inspects the installation 
to find out what caused the protector to 
open, before resetting it. Protectors 
which are used in motors 1 hp and smaller 
usually break the line current, thus elimi- 
nating the necessity of providing the or- 
dinary overcurrent protection required by 
the Underwriters’ Laboratories. Protec- 
tors which are used in motors larger than 
1 hp do not ordinarily break the line cur- 
rent, but are connected in the pilot circuit 
of the magnetic switch which starts and 
stops the motor. 

Motor protectors of the automatic reset 
type contain some sort of a thermostatic 
device such as a bimetallic disk or strip, 
which may be mounted adjacent to a 
heater coil through which the motor cur- 
rent flows. Figure 1 shows a cross-section 
of a device employing a heater coil, manu- 
factured by the Spencer Thermostat 
Company. In other types the heater coil 
is omitted and the bimetallic strip acts as 
aresistor. A protector of the latter type 
manufactured by Cutler-Hammer, Inc., 
is shown in figure 2. In both cases the bi- 
metallic elements carry contacts which 
are normally closed and which are con- 
nected in the motor line. These protec- 
tors are mounted inside the motor and 
when the temperature inside the motor 
reaches the maximum safe value, the bi- 
metal snaps to its hot position, the con- 
tacts open, and the motor is disconnected 
from the line. When the temperature of 
the motor decreases sufficiently, the bi- 
metal snaps back to its normal position 
and the motor is automatically started. 
Automatic reset protectors are used on 
motors which drive stokers, fans, blowers, 
pumps, small refrigerating outfits, etc. 
Automatic reset protectors are built in 
many styles, some of which are illustrated 
in figure 3. 

Motor protectors of the manual reset 
type may employ a bimetallic element or 
they may have a thermal device of the 


heater coil 


without 


Figure 2. Protector 
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Figure 3. Assortment of automatic reset 
protectors 


“solder pot’ variety, mounted adjacent 
to a heater coil which carries the motor 
current. Figure 4 shows one of the 
former manufactured by the Micro 
Switch Corporation, while figure 5 illus- 
trates a protector of the solder pot type 
manufactured by Cutler-Hammer, Inc. 
These protectors are actuated by the 
temperature inside the motor, but must be 
reset manually and cannot be _per- 
manently reset until the motor has cooled 
considerably. Manual reset protectors 
are used principally on motors which 
operate oil burners and other devices 
where it is desirable to investigate the 
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Figure 4. Manual reset protector with bi- 
metallic element 
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cause of motor stoppage before restarting 
the motor. 


Standard Tests on Motor 
Protectors 


Several temperature tests are required 
by the Underwriters’ Laboratories to de- 
termine the suitability of a protector for 
application on a motor. All temperatures 
are measured by means of thermocouples 
which are placed on the surface of the 
windings and enough thermocouples are 
used to be sure that the “hottest spot’’ 


Figure 5. Manual reset pro- 
tector with ‘‘solder-pot”’ 
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is located. A series of temperature tests 
is made with the motor running at about 
5% more than normal voltage and with 
gradually increasing loads, until the pro- 
tector opens. A single test is made with 
the rotor stalled at about 5% more than 
normal voltage, and the protector is al- 


lowed to continually trip and reset until 


the temperature of the windings becomes 
constant. The object of these tests is to 
determine the maximum winding tem- 
peratures under these abnormal condi- 
tions, and restrict them to a safe value. 
If the temperatures thus taken are found 
to be reasonable, the application of the 
protector is considered satisfactory and it 
is assumed that the motor cannot be 
damaged no matter how it may be 
operated. It will be seen that tests have 
not been mentioned to determine the ef- 
fect of high ambient temperatures, high or 
low voltage, high or low frequency, etc., 
and it would seem to be desirable to make 
such tests on a representative motor and 
determine whether motor protectors 
which have been applied in accordance 
with accepted rules, actually protect the 
motors on which they are installed, under 
all conditions of operation. 


Special Tests on Motor 
Protectors 


In order to obtain this information, 
special tests were made on a !/; hp, 1,725 
rpm, 110/220 volt, 60 cycle, single phase, 
repulsion start induction motor equipped 
with an automatic reset protector, both 
running and with the rotor locked, at 
voltages above and below the rated volt- 
age, at frequencies above and below the 
rated frequency, at various ambient tem- 
peratures and with the motor ventilation 
progressively restricted and finally elimi- 
nated. The results of these tests are 
plotted in figures 6 to 14 inclusive and in 
order to avoid repetition the term ‘‘pro- 
tector limited temperature’ is used to 
describe the maximum winding tem- 
perature which exists when the protector 
trips. The protector limited temperature 
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Figure 6. Winding temperature versus time 


150 


Normal voltage and frequency. !/3-horse- 
power repulsion-start induction motor with 
protector 


Curve A: At maximum current permitted 
without interruption by protector 


Curve B: At current 10 per cent greater 
than that of curve A 


Curve C: At current 20 per cent greater 
than that of curve A 


is usually much less than the ultimate 
temperature which would be reached 
without a protector. 

Curve A in figure 6 shows the relation 


_ between time and winding temperature 


for the maximum current which the pro- 
tector will allow the motor to carry con- 
tinuously when it is operating at normal 
voltage and frequency. In this case the 
protector does not trip but any additional 
load would cause it to do so. The maxi- 
mum winding temperature is 94°C, which 
is, much lower than could be allowed. 
Curve B is plotted for a current 10% 
greater than the maximum current which 
the protector will carry continuously and 
curve C is plotted for a current 20% 
greater than the maximum current which 
the protector will carry continuously. In 
both these curves the protector trips and 
resets several times before the winding 
temperature reaches a constant value, 
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Figure 7. Winding temperature versus time 
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Rotor locked. Normal voltage and frequency. 
1/,-horsepower repulsion-start induction mo- 
tor with protector 
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Figure 8. Motor characteristics versus voltage 
at maximum loads permitted by protector 


Normal frequency. 28 degrees ambient. 
1/s-horsepower repulsion-start induction mo- 
tor 


and in both cases the protector limited 
temperature is less than the ultimate 
value for curve A. 

Figure 7 shows the relation between 
time and protector limited temperature 
of the '/s; hp repulsion start induction 
motor at normal voltage and frequency 
with the rotor stalled. This is an ab- 
normal condition, but is one which might 
exist in case of a mechanical defect in the 
motor or the machine which it drives. 
The protector trips and resets many 
times before the winding temperature 
reaches a constant value, which, however, 
is considerably less than for the running 
condition and is well within safe limits. 

Tests were made with the motor operat- 
ing at voltages above and below normal, 
to determine the effect of voltage on the 
winding temperatures permitted by the 
protector, and the results are shown in 
figure 8. It is interesting to note that 
under these conditions the protector is 
essentially a constant current device and 
allows the same current to flow at voltages 
from 70 to 120% of normal voltage. The 
protector limited temperatures at 70% 
voltage are slightly less, and at 120% 
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Figure 10. Motor characteristics versus fre- 


quency at maximum loads permitted by 
protector 


Normal voltage. 28 degrees ambient. 14/3- 
horsepower repulsion-start induction motor 


voltage are slightly greater than the 
values shown in figure 6, but for all prac- 
tical purposes the protector limited tem- 
peratures are not affected by the voltage. 
Motor loads and speeds are also plotted 
and as might be expected, they change 
quite rapidly with the voltage. It will be 
seen that if this motor is driving a com- 
pressor or pump and is considerably over- 
loaded, it will be unable to carry the load 
at the lower voltages, because the protec- 
tor will trip and disconnect the motor 
from the supply circuit. 

Locked tests were also made at various 
voltages and the results are plotted in 
figure 9. In this case the locked current 
varies at about the same rate as the 
voltage, but the protector limited tem- 
peratures change very little as the voltage 
varies. This difference in protector 
operation between running and locked 
condition is due to the fact that when the 
motor is locked, the protector is essen- 
tially a constant temperature device and 
its operation depends almost entirely on 
the temperature of the heater coil which 
is adjacent to the bi-metal. Since the 
heater coil temperature and the winding 
temperature both depend on time and 
motor current, it logically follows that 
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Figure 12. Motor characteristics versus am- 
bient temperature at maximum loads per- 
mitted by protector 


Normal voltage and frequency.  1/3-horse- 
power repulsion-start induction motor 


while the time required for the protector 
to trip a locked motor will vary with the 
current, the temperatures of the protector 
and the motor windings when the protec- 
tor trips are not materially affected by the 
motor current, and, therefore, do not de- 
pend on the voltage applied to the motor 
terminals. 

Figure 10 shows the effect of variations 
in frequency on the winding tempera- 
tures permitted by the protector, while 
the motor is running. The protector 
limited temperatures at high and low fre- 
quency are only slightly greater than they 
are at normal frequency and the motor 
protector takes care of frequency varia- 
tions while the motor is running, quite 
satisfactorily. While this motor will carry 
the same horsepower load at a wide range 
in frequencies, it obviously cannot oper- 
ate at frequencies much greater than the 
normal value because at the higher fre- 
quencies, the speed, horsepower, and 
motor current also increase and the pro- 
tector will not be able to carry the in- 
creased current. 

Figure 11 shows the effect of variations 
in frequency on the protector limited 
temperatures of the motor with the rotor 
locked. The operation of the protector 
with the rotor locked and the frequency 
varied is much the same as when the fre- 
quency is fixed and the voltage varies. 
The winding temperatures for compara- 
tively wide variations in frequency are 
practically constant and no difficulty 
should be experienced with a locked motor 
at either high or low frequency. 

The tests which are plotted in figure 12 
were made with the motor running at 
normal voltage and frequency, but with 
various ambient temperatures. It was 
found that with ambient temperatures 
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Figure 13. Locked characteristics versus 
ambient temperature 


Normal voltage and frequency. 1/s-horse- 
power repulsion-start induction motor with 
protector 


between 30 and 40°C the protector trips 
at a fixed value of current and the wind- 
ing temperature increases at the same 
rate as the ambient. Above 40°C the 
protector trips at a smaller value of cur- 
rent and, therefore, the winding tempera- 
ture does not increase as fast as the am- 
bient. Below 30°C the protector trips at 
a higher value of current and the winding 
temperature increases in spite of the de- 
creased ambient. It is evident that the 
protector limited temperature may in- 
crease considerably when the motor is 
running in a high ambient temperature. 

Locked tests at various ambient tem- 
peratures were made and the results 
plotted in figure 13. In this case the 
winding temperatures do not change ma- 
terially with the ambient, indicating that 
the protector trips when the temperature 
of the bi-metal reaches a definite value, 
and it makes little difference whether this 
temperature is produced by the heat of the 
motor or the surrounding air. 

When open type motors are installed in 
locations where excessive amounts of 


Variations in Winding Temperatures of a 1/3- 

Horsepower Repulsion-Start Induction Motor 

Protected by an Inherent Overheating Pro- 
tive Device 


Change in Temperature 
(Degrees Centigrade) 


Abnormal Motor Motor 
Condition Running Locked 
120% normal voltage..... 2 increase ..2 decrease 
80% normal voltage..... 2 decrease . .4 increase 
117% normal frequency. .Inoperative. .1 decrease 
83% normal frequency.. 6 increase ..6 decrease 
COS ambient semeenentteres 6 increase ..3 increase 
All ventilation 
eliminated!) seen ene 10 increase ..No change 
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Figure 14. Motor characteristics versus 


ventilating effect at maximum loads permitted 
by protector 


Normal voltage and frequency. 28 degrees 
ambient. 1/;-horsepower induction motor 


foreign materials are present, the venti- 
lating openings may become partially or 
even completely obstructed, and the mo- 
tor may have an excessive temperature 
rise. Tests were made to determine 
whether a motor protector will take care 
of such a condition and the results are 
plotted in figure 14. With all the open- 
ings in the motor frame enclosed, the pro- 
tector limited temperature increases 10° 
and the load which the motor can carry 
without tripping the protector is reduced 
22%. It is unlikely that an open type 
motor will ever be completely enclosed 
either accidentally or deliberately; there- 
fore, the probable increase in temperature 
resulting from foreign materials will be 
considerably less than 10°. 


Summary 


Motor protectors are selected and ap- 
plied so that they restrict the motor wind- 
ing temperature to specified values at 
normal voltage and frequency and a room 
temperature of 40°C. The accompany- 
ing table shows the probable increase (or 
decrease) in winding temperatures which 
may occur.on account of abnormal volt- 
ages, frequencies, or ambient tempera- 
tures, or with restricted ventilation. 


Conclusions 


The variations in temperature shown 
in the table are small and lead to the 
conclusion that inherent overheating 
protective devices mounted inside frac- 
tional hoisepower single phase motors 
completely protect them against all ab- 
normal operating conditions. 
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Synopsis: This paper presents the results 
of an investigation made to determine and 
evaluate the effect of the factors affecting 
neutral instability of Y-grounded potential 

transformer circuits. The method used em- 
: ploys the medium of miniature system rep- 
' resentation. The results therefore include 

the effect of saturation. The effects of the 
: shape ; of the saturation curve, normal 
: operating voltage, resistance of the winding, 

system capacitance, and impedance in the 
_ broken A secondary or across each phase are 
illustrated. Regions of instability are 
_ shown which should be avoided in applying 
_ Y-connected potential transformers as 
_ ground fault detectors. The analysis shows 
by means of oscillograms the conditions 
under which incorrect indications of faults 
may be obtained. 


ROUNDED-NEUTRAL, Y -con- 
nected potential transformers with 
Y- or broken A-connected secondaries 
have been applied to three-phase circuits, 
the neutrals of which are temporarily or 
permanently ungrounded. The broken A 
secondary connection affords a means of 
ground fault detection, the voltage across 
the break in the A under such fault condi- 
tions being used to operate relays or other- 
wise indicate the presence of a ground 
fault. 

In some cases, experience has shown 
that such a circuit is unstable. The phe- 
nomena involved have been described 
for limited ranges of circuit parameters.’? 
One oscillographic investigation, how- 
ever, describes the various conditions of 
instability in some detail.* 

More recently other cases of dificulty 
with this type of circuit have been en- 
countered. While correct indications of 
true faults were always obtained, indica- 
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Criteria for Neutral Stability of 
~Wye-Grounded-Primary Broken-Delta- 


Secondary Transformer Circuits 


H. A. PETERSON 


were applied at the transformer terminals. 
Consequently the phenomena were inde- 
pendent of positive sequence capacitance 
so that only zero sequence capacitive re- 
actance, x,,, was involved. 

Transformers used were single phase 
and their saturation characteristic is 
shown in figure 2, Curve #1 is represen- 
tative of most transformers, and there- 
fore was used throughout the study ex- 
cept for one case in which the #2 curve 
was used to indicate the effect of more 
abrupt saturation. The value of x, is 
the ratio of normal line-to-neutral rms 
exciting volts to normal phase rms excit- 
ing amperes at normal frequency as de- 
fined by the saturation curves. The cir- 
cuit can be completely defined by the 
ratio of x,9/x*, when the saturation curve 
used and the normal operating voltage 
are specified. 

Provision was made to control the ex- 
citation of the miniature system sine wave 
set so that system voltage could be varied. 
It was not deemed practical to operate at 
voltages higher than normal, as indicated 
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tions of faults were sometimes obtained 
when no faults actually existed. These 
false indications sometimes resulted in 
higher than normal fault indicating volt- 
ages appearing across the break in the A 
secondary. This phenomenon was traced 
to the inherent instability of a circuit of 
this type when the amount of capacitive 
reactance to ground and the magnetizing 
reactance of the transformers involved 
are in certain relative proportions. Asa 
consequence, a comprehensive analysis 
of the circuit was undertaken, using the 
Figure 2. Transformer satura- LEBER 
tion curves used in the minia- 
ture system 


a 


1—Typical saturation curve 


9—Curve having more satura- 
tion than curve 1 
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oO 


° 5 10 15 20 25 30 35 40 
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on the saturation curves, since in the 
system studied, a line-to-ground fault 
would result in extremely high magnetiz- 
ing currents in the two unfaulted phases. 

The study was made with and without 
load impedance in the break in the A. 
This is equivalent to putting load imped- 
ance across each phase in the case of Y- 
connected secondaries, the total ohmic 
resistance being the same in either case. 
Various impedances were used as burdens 
to determine the effect of impedance 
burden magnitude and power factor, 
both lagging and leading. 

In practically all cases studied, the 
abnormal conditions were obtained by 
suddenly energizing the miniature system 


miniature system transient analyzer,‘ 
which disclosed the regions of instability 
and methods of eliminating such insta- 
bility. This paper presents the results of 
that investigation. 


Basis of Study 


The miniature system shown in figure 1 
was selected as a basis for the study. 
The reactance of the sine wave generator 
was negligible compared with the exter- 
nal miniature system impedances. Thus 
balanced sinusoidal line-to-line voltages 


Miniature system 


studied 


Figure 1. 


— ence capacitive 
Xco Zero pie i Paper 41-147, recommended by the AIEE com- 


reactance mittees on protective devices and instruments and 

r—D-c resistance of transformer measurements, and presented at the AIEE Pacific 

indi Coast convention, Yellowstone National Park, 

pe August 27-29, 1941. Manuscript submitted May 
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volts to rms phase current at a 
point on the saturation curve 
corresponding to E=1.0 in 
figure 2 

VA Transformer turn ratio 1:1 


H. S. SHorr and H. A. PererRson are both with 
Central Station engineering department of the 
General Electric Company, Schenectady, N. Y. 
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Shott, Peterson—Neutral Stability TRANSACTIONS 997 


T/7 


os 

LN 

. N 

N 

Ss 
MQM Wy 


SS 


Ss 


po USSARAAANAAARMAAMAAAAYMAAMMAAMSSAAAAAAANAS) 


PER UNIT NORMAL OPERATING VOLTAGE 


Ag 
TESS 


Figure 3. Regions of possible instability of 


the circuit of figure 1 with transformer satura- 
tion corresponding to curve 1 of figure 2 


/Xm=0.0003 for the transformer 
r—D-c resistance of the winding 
Xm—Ratio of rms sinusoidal leg volts to rms 


phase current at a point on the saturation curve 
corresponding to E=1.0 in figure 2 


or by applying and removing a fault to 
ground on one phase, although in some 
cases, instability could be obtained by 
gradually raising the excitation of the 
sine wave generator. However, the man- 
ner of obtaining the abnormal circuit 
conditions, as long as it is reasonable, is 
of secondary importance relative to the 
question as to whether abnormal behavior 
of the circuit is possible or not for given 
constants. The study is primarily con- 
cerned with answering this question. 

It is of interest to point out in this con- 
nection that regions of possible abnor- 
mality may overlap with regions of pos- 
sible normal circuit behavior. In other 
words, in regions of abnormal circuit be- 
havior it is sometimes possible for the 
circuit to behave normally also, but it is 
never possible in a region designated as 
stable to have an abnormal circuit con- 
dition of the type under discussion in this 
paper. 

It should also be pointed out that the 
regions of instability are regions where the 
abnormal conditions persist in the steady- 
state condition. It is possible for rela- 
tively long-time transients to exist near 
the border line in the stable region. 
These will die out eventually, however, 
and normal conditions will always be re- 
stored ultimately. 


Discussion of Results 
For a particular set of transformer 


characteristics the regions of neutral in- 
stability of the system shown in figure 1 
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are defined in terms of the ratio of system 
parameters x,,/%m and of the system 
voltage E where E is the per unit system 
operating voltage. H=1 corresponds to 
system operating voltage of H=1 on the 
saturation curves of figure 2. In the ap- 
plication of potential transformers as a 
means of ground fault detection, it is cus- 
tomary to select a transformer rated line- 
to-line system voltage and operate it at 
system leg voltage; that is H=0.58. In 
some instances, however, circuits for 
which H=1.0 may be encountered if in a 
normally grounded system the Y grounded 
transformer bank is temporarily con- 
nected to an otherwise ungrounded cir- 
cuit, or if single-phase transformers are 
connected line-to-neutral in a three-phase 
system which has an open circuit in the 
neutral at the system grounding point. 

The data of figure 3 were obtained us- 
ing a low-loss transformer with typical 
saturation characteristics, curve 1, of 
figure 2. The regions outlined are those 
in which instability may occur as the re- 
sult of a shock, such as a line-to-ground 
fault applied and removed. Stable op- 
eration may be obtained within portions 
of the unstable regions if system voltage 
is gradually applied or if the A secondary 
is closed until normal steady-state condi- 
tions exist. 

At each test value of x,/m the system 
voltage was raised to a value correspond- 
ing to H=1.0. If the application and re- 
moval of a line-to-ground fault created 
an unstable condition as indicated by the 
presence of an abnormal voltage across 
the break in the A, the system voltage 
was then reduced to the boundary value 
at which the unstable a voltage collapsed. 

As indicated on figure 3 neutral insta- 
bility for this case may occur in one of 
three distinct modes, depending on the 
values of %,o/%m and E. For values of 
Xco/Xm less than 0.01, no instability can 
occur for values of E less than 1.0. For 
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values of %¢o/%m between 0.01 and 0.07, | 
corresponding to relatively large values of — 
zero sequence capacitance, the unstable 
voltage appearing across the broken delta 
is approximately of one-half normal fre- 
quency. Intermediate values Of Xco/X%m 
(between 0.07 and 0.55) give rise to a fun- 
damental frequency A voltage, and large _ 
values of %/%m (between 0.55 and 2.8) 
give rise to a third harmonic A voltage. 

The first of these three abnormal con- 
ditions is illustrated by the oscillograms in 
figure 4a. For the case %¢/%m=0.026 
and E=0.58, oscillogram 76-10 shows the 
broken A voltage Va with a single line- 
to-ground fault on phase a. This, of 
course, is of fundamental frequency and 
approximately three times normal leg 
voltage. Oscillogram 77-5 shows the 
transient Va to the same time and am- 
plitude scale following the removal of the 
fault on phase a at a normal current zero 
without any subsequent restriking in the 
fault. It will be observed that this tran- 
sient voltage is approximately half funda- 
mental frequency. Oscillogram #77-6 
shows, with the same calibration, the 
ultimate steady-state voltage appearing 
across the break in the A. It can be seen 
that this also is approximately one-half 
fundamental frequency, of very good 
wave form, and essentially of the same 
amplitude as though a line-to-ground 
fault were on the system. 


This phenomenon is referred to as be- 
ing essentially of 1/2 frequency. Actually 
it differs from one-half fundamental fre- 
quency by a small amount such that 
line-to-neutral voltages vary with time 
at a very low beat frequency. Oscillo- 
gram 77-7 shows the transient recovery 
voltage on phase a. 77-11, 12, and 13 
show the steady-state line-to-neutral volt- 
ages on phases a, b, and c, respectively. 
Oscillograms 77-14, 15, and 16 show the 
same three respective voltages at a later 
time to illustrate how slowly the voltages 
to ground are shifting, due to the “‘slip” 
frequency involved giving rise to a beat 
frequency component of voltage. Phase 
voltages reach a maximum of two times 
normal line-to-neutral crest for this case. 
Transformer currents may be very high 
for this condition because of the presence 
of this low frequency component of volt- 
age as will be shown later. 

The fundamental frequency phenome- 
non is illustrated by the oscillograms in 
figure 4b for x,o/%m=0.123 and E=0.58. 
Oscillograms 32-1, 2, and 3, show steady- 
state voltages to ground on phases 
a, b, and c, respectively, while 32-8 
shows the sustained voltage appearing 
across the break in the A. This condition 
is very nearly the same as if a fault existed 
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/on phase ¢ to ground. The voltage on 
_ phase c is very low—in fact, the funda- 
| mental frequency component appears to 
_be practically zero, Voltages to ground 
on phases a and b are essentially line-to- 
line voltages of fundamental frequency, 
and the broken A voltage gives every in- 
dication of a fault without there being any 
fault on the system. The presence of sub- 
harmonics of one-half and of one-ninth 
frequency are evident in the oscillograms. 

The third harmonic phenomenon is il- 
lustrated in figure 4c for x./x%m=0.594 
and F=1.0. Oscillograms 32-9, 10, and 
11 show voltages to ground (one cycle of 
fundamental frequency) on phases a, b, 
and c, respectively, while 32-16 shows the 
voltage appearing across the break in the 
4. The broken A voltage is of third 
harmonic frequency with good wave form 
and of higher magnitude than that ob- 
tained for a fault on the system. Voltages 
to ground on all three phases are the same 
in magnitude (about four times normal 
line-to-neutral crest). There are no sub 
harmonics present in this case. 

The normal condition for the same sys- 
tem (x,o/%,=0.594) and operating volt- 
age (E=1.0) is illustrated by the oscillo- 
grams in figure 4d. While the system 
constants are identical with those for the 
case discussed in the preceding paragraph 


Figure 4a (upper right). Oscillograms illus- 

trating the abnormal condition giving rise to 

one-half normal frequency broken A voltages 
and balanced phase voltages-to-ground 

Xco/Xm=0.026, E=0.58 

Note: All voltage calibrati a 

normal line-to-neutral crest voltage on ¢t 


system side of the transformer 


Figure 4b. Oscillograms illustrating the ab- 
normal condition giving rise to fundamental 
frequency broken A voltages and unbalanced 
phase voltages-to-ground 
Xco/Xm=0.123, E=0.58 
Note: All voltage calibrations are times 
normal line-to-neutral crest voltage on the 
system side of the transformer 


Figure 4c. Oscillograms illustrating the ab- 

normal condition giving rise to third harmonic 

broken A voltages and balanced phase volt- 

ages-to-ground 

Xco/Xm = 0.594, E=1.0 

Note: All voltage calibrations are times nor- 

mal line-to-neutral crest voltage on the system 
side of the transformer 


Figure 4d. Oscillograms illustrating the nor- 

mal condition of some third harmonic volt- 

age across the A break with balanced volt- 

ages-to-ground 

Xeo/Xm=0.594, E=1.0 

Note: All voltage calibrations are times nor- 

mal line-to-neutral crest voltage on the system 
side of the transformer 
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Figure 5. Regions of possible instability of the circuit of figure 1 with transformer saturation 
corresponding to curve 1 of figure 2 


r/Xm= 0.0007 for the transformer r—D-c resistance of the winding 


Xm—Ratio of rms sinusoidal leg volts to rms phase current at a point on the saturation curve cor- 
responding to E=1.0 in figure 2 
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Figure 6. Regions of possible instability of the circuit of figure 1 with transformer satura- 
tion corresponding to curve 2 of figure 2 


r/Xm=0.0003 for the transformer r—D-c resistance of the winding 


Xm—Ratio of rms sinusoidal leg volts to rms phase current at a point on the saturation curve 
corresponding to E=1.0 in figure 


Figure 7 (below). Abnormal voltage and current conditions obtained for the circuit of figure 1 


the voltage conditions are quite different, — 
corresponding to “normal” behavior of 
the circuit. As shown previously, circuits 
involving saturable impedance elements 
may give rise to voltage and current con- 
ditions which are not single valued func- 
tions of the circuit parameters.’ For this 
case (E=1.0 and %¢o/%m= 0.594), as in 


many others which could be used as illus- — 


trations, either of these conditions may be 
obtained, the one ‘‘abnormal’’ and the 
other ‘“‘normal.” Oscillograms 32-12 to -14, 
inclusive, show the balanced voltages-to- 
ground on phases a, b, and c, respectively, 
while 32-15 shows the broken A voltage. 
A third harmonic component is in evi- 
dence in this case also, but it is only a very 
small fraction of that present for the ab- 
normal condition illustrated in oscillo- 
grams 32-9 to -11, inclusive, and 32-16. 
It is also much lower in magnitude than 
that obtained for the condition of a fault 
on the system. 

Dividing lines between these three dis- 
tinct modes of instability are not very 
clear-cut in all cases. For example, in the 
vicinity of %,o/%m_=0.01 but in the un- 
stable region, 1/, frequency components 
of voltage were in evidence, although the 
1/, frequency components predominated, 
other subharmonics were also present. 
sometimes of very low frequency, in this 
portion of the unstable region. 

In the vicinity of x,,/x%n=0.08, the un- 
stable phenomenon was mainly a com- 
bination of fundamental frequency and 
1/. fundamental frequency. The dividing 
line might be considered as an indication 
of where for increasing values of %.9/xm 
the phenomenon changes gradually from 
something predominantly of 1/, fre- 


Figure 8. Effect of resistance burden R in the 
broken A on regions of instability 


Saturation curve of figure 1 r/xm=0.0003 


Note: The total amount of resistance in the A 
is three times the amount of R indicated by the 
curves since R/Xm is on a per leg basis 
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quency to something of predominantly 
fundamental frequency. 

In the vicinity of x /%,=0.5, the 
phenomena included a component of ap- 
proximately twice normal frequency. 
This was observed only for a very limited 
range of values of x,.o/x,, and the other 
abnormal conditions occurring over 
greater ranges of this ratio, were consid- 
ered of far greater importance. 

These facts are pointed out merely to 
indicate the physical consistency of the 
information plotted in figure 3. The 
ratio x,o/%m is proportional to the square 
of the natural frequency of the circuit 
studied. For very small values of this 
ratio, the circuit is always stable. As the 
ratio is increased beyond a certain value 
instability is encountered and the un- 
stable phenomena are characterized in 
succession by voltage components of 1/,, 
1/2, 1, 2, and 3 times normal frequency. 
Thus the predominant frequency of the 
phenomena is seen to increase consist- 
ently with the natural frequency of the 
circuit. 

The effect of increased transformer re- 
sistance is shown in figure 5, i.e., greater 
than that shown in figure 3. It is of im- 
portance to note that the regions of in- 
stability are only very slightly affected 
by resistance over a practical range. 
This fact makes the results of the investi- 
gation much more widely applicable. 

The results shown in figure 6 were ob- 
tained for the saturation curve #2 of 
figure 2. This curve is somewhat steeper 
than that likely to be encountered in most 
actual cases, but the results are of interest 
in that they show how the unstable re- 
gions are broadened and shifted so as to 
extend the range of instability to lower 
values of the ratio X¢9/X%m. This effect is 
consistent with other phenomena ob- 
served in connection with circuit analysis 
involving saturable impedance elements.’ 
The effect of saturation is to broaden the 
range of abnormality, the broadening ef- 
fect increasing with increasing abruptness 
of saturation. 

For line-to-line voltage rated potential 
transformers connected line-to-neutral 
E=0.58 and the regions of instability 
given in figure 3 are 0.013<%/%m< 
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Figure 9. — IIlustra- 
tion of the relation- 
ship between operat- 
ing voltage and re- 
sistance burden to 
obtain stability for 
various values of ca- 

pacitive reactance 


0.075 and 0.125 <x,o/%m<0.45. Crest 
values of broken delta voltage, line-to- 
ground voltage, and of transformer cur- 
rent that may be obtained within these 
regions are given in figure 7. In the re- 
gion corresponding to the fundamental 
frequency broken A voltage the voltage- 
to-ground of one phase is of small magni- 
tude. The voltages-to-ground on the 
other two phases are approximately equal. 
Thus line voltages-to-ground as well as 
the broken A voltage are essentially the 
same as if a fault were on the system. 

In the region corresponding to the one- 
half frequency broken A voltage condi- 
tion, the voltages-to-ground are the same 
in magnitude on all three phases. How- 
ever, an interval of several seconds must 
be considered for this to be true because 
of the slow ‘“‘slip’” frequency involved as 
previously described. 

The transformer current values shown 
in figure 7 are of interest also. In the re- 
gion of one-half frequency phenomena 
these currents may reach values of 35 
times normal magnetizing current in the 
vicinity of %¢o/%m=0.015. These cur- 
rents are the same in magnitude in all 
three phases. In this range it might be 
possible to blow potential transformer 
fuses under such abnormal conditions. 
In the region of fundamental frequency 
phenomena the currents are smaller in 
general, and furthermore, the current in 
one phase is lower than normal. It is a 
significant fact that while the voltage con- 
ditions in this range of x,,/%, approxi- 


mate those obtained during a single line- 
to-ground fault, the currents flowing in 
the Y winding of the potential trans- 
former may be 10 or 15 times as high as 
those obtained during a single line-to- 
ground fault condition, depending upon 
the ratio of x49/xm. 

Figure 8 shows the results of inserting 
resistance, R, in the break in the A sec- 
ondary. The curves show that the heavi- 
est burden (lowest resistance) to insure 
stable operation is required when x./xm 
is about 0.02 or slightly less depending 
upon the normal system operating volt- 
age. At the lowest point, R/x,=0.15 
for operation at E=1.0 and R/x»,=0.34 
for operation at E=0.58. These values 
are on a basis of resistance per leg in per 
unit of magnetizing impedance per leg for 
E=1.0 on the saturation curves of figure 
2. Therefore the curve gives the resist- 
ance required per phase for Y-connected 
secondaries. The value of impedance re- 
quired across the break in the case of 
broken A secondaries as in figure 1 is three 
times the quantity R/x, of figure 8. 

The effect of normal operating voltage 
E on the R/x ratio required for stabili- 
zation is shown in figure 9. It is of im- 
portance to note that as E decreases, the 
ratio of R/xm required for stability in- 
creases. The values of x,,./x, used in 
preparing these curves were purposely 
selected in the range requiring the lowest 
ratios of R/x, as indicated in figure 8. 

The effect of an inductive reactance 
burden x, (power factor=0.2) is indi- 
cated in figure 10. A lower ratio of x;/xn, 
is required for stabilization than of R/x, 
as discussed in the preceding paragraph. 
The ratio of x,/xm at its lowest point is 
0.04 for operation at E=1.0 and 0.28 for 
operation at E=0.58. 

The effect of a leading power factor (ca- 
pacitive) burden in the break in the A was 
investigated and the results indicated that 
pure capacitance was not satisfactory. 
The same conclusion holds for wave traps 
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which were made up of a reactance and 
capacitance tuned to the third harmonic. 
These were not effective because other 
complicating phenomena were encoun- 
tered which were difficult to account for. 
Consequently a resistance burden ap- 
pears to be the simplest and most effective 
means of insuring stability by means of a 
secondary burden. Reactance was effec- 
tive, although a reactance ohmic value 
would have to be smaller than that of a 
resistance to insure stability. 


Conclusions 


1. In using Y grounded primary broken 
A or Y-connected secondary potential trans- 
formers for metering or relaying, it is neces- 
sary to consider the amount of capacitance 
to ground that may be permanently or 
temporarily connected at the terminals of 
the transformer in order to avoid the possi- 
bility of abnormal voltage conditions 
brought about by circuit instability which 
might cause incorrect indications of faults. 
For line-to-line voltage rated potential 
transformers connected line-to-neutral, cor- 
responding to general practice in the appli- 
cation of such devices (E=0.58 in the 
paper), the range of possible abnormality is 
defined approximately by 0.012<x,o/«m< 
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0.6. If a given circuit is found to fall 
within this range, normal behavior can be 
insured by: 


~ 


(a). Adding shunt capacitance to ground on the 
system side of the transformer until the resultant 
ratio of %co/*%m becomes equal to or less than 0.012, 
or 


(b). Connecting load across the break in the broken 
A secondary or in each phase in the case of Y-con- 
nected secondary. If resistance is used, it should 
have a value per phase of 33% of the magnetizing 
reactance xm per phase or less; if reactance is used, 
its ohmic value per phase should not be greater 
than 28% of xm per phase. In either case, xm is 
referred to the secondary side in accordance with 
the transformer turn ratio. The impedances re- 
quired for stabilization are high enough so as not to 
interfere with the normal functioning of the device. 


For these criteria, x,, is the zero sequence 
capacitive reactance to ground on the Y 
grounded side of the transformer and x, 
is the magnetizing reactance per leg corre- 
sponding to E=1.0 on the saturation curve 
1 of figure 2. 


2. The regions of abnormality as well as 
the abnormal phenomena observed are prac- 
tically unaffected by resistance in the trans- 
former windings or by losses in transformer 
iron over a practical range. 


3. Increasing the steepness of the satura- 
tion curve tends to increase the range of 
possible abnormal circuit behavior. In par- 
ticular, the region of abnormality is ex- 
tended to lower values of %,,/ xm as the steep- 
ness of saturation is increased. 
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4. For conditions of operation above trans- . 
former flux densities corresponding to the 
normal practice of using Z-N connected 
potential transformer with L-L voltage rat- 
ing (EZ =0.58 in the paper), abnormal circuit _ 
behavior is extended to include a range of 
0.01<%X¢9/%m<3.0 approximately for H=1.0. 
Furthermore, the impedance in the open 
A must be made smaller if stability is 
to be insured. For E=1.0, a resistance in 
the break in the A not greater than 45% of 
Xm (15% of xm per phase) or a reactance not 
greater than 12% of xm (4% of xm per 
phase) would be required to avoid abnormal 
circuit behavior independent of x¢9/xm. 
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‘Field Testing of Generator Insulation 


EEl SUBJECT COMMITTEE ON GENERATOR INSULATION 
AND TESTING 


| I—Introduction 


/ 
EED for a practical as well as a re- 
liable nondestructive test that will 
determine the condition of generator in- 
sulation has long been recognized by the 
industry. Simple methods now in general 
use, the high voltage proof test and the 
insulation resistance test, do not accu- 
rately or positively disclose the overall 
condition of windings, indicate the degree 
of deterioration, or necessarily locate weak 
spots. This lack of suitable insulation 
tests has been emphasized recently by the 
return to service of a number of machines 
either after long shutdown periods during 
the depression years or from standby 
service to low pressure elements used in 
connection with topping units; in these 
cases knowledge of insulation condition is 
vital. 

As a result of this situation the Edison 
Electric Institute electrical equipment 
committee undertook active work on the 
problem in 1935.1 In 1937 a special 
subject committee was appointed on 
‘Generator Insulation and Testing,” with 
the ultimate object of developing a reli- 
able test procedure for determining the 
condition of generator insulation. The 
investigation has been carried out by 
various member companies of the EEI 
and others in the industry interested in 
the problem, under the guidance of the 
subject committee. Close contact has 
also been maintained with the manufac- 


Paper 41-17, recommended by the AIEE standards 
committee, and presented at the AIEE winter con- 
vention, Philadelphia, Pa., January 27-31, 1941. 
Manuscript submitted November 6, 1940; made 
available for preprinting December 6, 1940. 


Personnel of EEI subject committee on generator 
insulation and testing: C. M. Gilt and B. Van 
Ness, Jr., subject sponsors; R. L. Webb, chairman; 
J. E. Allen, E. F. Dissmeyer, O. E. Faweett, A. P. 
Hayward, R. J. Woodrow. 

The subject committee wishes to acknowledge the 
assistance and co-operation rendered in this work 
by EEI member companies and engineers, by other 
engineers and utility companies, and by the manu- 
facturers. 

1. For all numbered references, see list at end of 
paper. 
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turers who have made many valuable sug- 
gestions, assisted in testing, and given aid 
in analyzing data. 

The study is by no means complete and 
this paper should not be construed as a 
final report with definite conclusions, but 
rather as a progress report on an investi- 
gation still under way. 


Ii—Present Status of 
Insulation Testing 


Present testing practice in this country 
was surveyed in 1938, revealing a wide 
variation in testing methods and proce- 
dure. High voltage proof testing which 
consists merely of the stressing of the in- 
sulation by the application of an alter- 
nating potential according to the rules in 
the AIEE Standards is generally used for 
acceptance tests for new and repaired 
machines. There is no general agreement 
as to advisability of routine proof testing 
nor magnitude nor frequency when such 
tests are applied to machines in service. 
Insulation resistance testing is a common 
practice though generally a definite rou- 
tine is not followed. In the past the pro- 
cedure often has consisted of a “‘crank 
and read” type of measurement. Today, 
increasing recognition is being given the 
fact that insulation resistance values may 
be misleading unless careful account is 
taken of the many factors which may af- 
fect the results. No definite practice 
seems to be established regarding other 
methods of test, such as high voltage d-c 
resistance, dielectric loss or power factor 
tests. 

Comparatively few operating com- 
panies maintain regular schedules of 
periodic insulation testing, from which 
records may be obtained to serve as a 
guide of the progressive condition of the 
insulation. Such special tests as are made 
are carried out usually after a machine 
winding has been repaired or an inspection 
indicates it tobe in questionable condition. 


Testing of Insulation 


Section 


Foreign practice in this respect also 
indicates a lack of uniformity. In some 
countries, notably Germany and Switzer- 
land, experiments have been made with 
dielectric loss measurements, and it is 
felt there that this type of measurement 
has some promise of value as an index of 
changing insulation condition. A few 
experiments have made use of a recording 
instrument giving a curve of dielectric 
losses versus time during machine opera- 
tion. It has been suggested that this 
method may give a definite index of 
changing conditions within the insulation. 
The method has not received broad use. 


I1I—Scope of Work 


Originally it was the objective of the 
subject committee to conduct destructive 
and nondestructive tests on insulation 
of machines about to be scrapped, re- 
wound, or repaired and to develop from 
these a workable nondestructive method 
of determining insulation condition. Valu- 
able information has been obtained from 
these tests but inasmuch as many of the 
data consist of ‘‘spot’’ readings taken 
under a variety of conditions, it has not 
been possible to correlate all of the data 
nor to draw definite conclusions. Real 
need for periodic and standardized meas- 
urements has become apparent. The 
scope of the investigation has been broad- 
ened to include and encourage the collec- 
tion of periodic nondestructive test data 
on machines in service. By this means 
information is being accumulated on all 
classes of insulation, from the old to the 
new. 

Insulation characteristics of both arma- 
ture and field windings are undergoing 
investigation. Table I summarizes the 
machines tested or under test. The ma- 
chine ratings vary from 1,500 kva, 2,700 
volts to 200,000 kva, 16,500 volts 


Table | 


Se ed 


Number of Machines 


Type of Test 


Insulation resistance. ....2...-e5e5eses 106 
Power factor of insulation. ..........+- 27 
TP MAZACIOI so stays aera a afbpace whe kaa) aire. areetn te 8 
Voltage strength a-c.......-----eeeees 21 
Voltage strength a-c versus d-c.......--- 6* 


* Includes 2—2.3 kv motors. 


Transactions 1003 


Figure 1. Armature-winding 
insulation resistance versus time 


A—200,000-kva_ single-barrel 
generator, 16.5 kv, 60 cycles, 


1,800 rpm (insulation dry) 
B—18,750-kva _ single-barre| 


generator, 13.2 kv, 60 cycles, 


1,800 rpm Cinsulation moist) 
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The subject committee, recognizing the 
need for uniform practice in insulation 
testing, has prepared a guide to be used 
in making such tests. Copies of this are 
available to the industry through EEI 
headquarters. 


IV—D-C Insulation Resistance 


Although d-c insulation resistance is 
among the most commonly used methods 
for testing the insulation of electrical ap- 
paratus, records obtained have been 
baffling of interpretation, and the factors 
which affect the results are to some extent 
unknown and often unappreciated. The 
fundamental that different types of in- 
sulating materials may have different 
volume resistances is obvious; but there 
are other variables which affect succes- 
sive tests on a given piece of apparatus 
and cause widely varying results. 

Tests have been directed to establish 
the manner in which the insulation re- 
sistance varies with 


(a). Differences in insulation materials and 
structures 


(6). Duration of voltage application 
(c). Existing charge in windings 
(d). Insulation temperature 

(e). Test voltage magnitude 

(f). Insulation moisture content 


(g). Previous operating condition of the 
generator 


(h). Various types of winding damage or 
deterioration 


These investigations have confirmed 
findings obtained in similar experiments 
made by others and have gone somewhat 
further in extending the limits to which 
such tests have been conducted in the field, 


INSTRUMENTS 


Experiments made so far have indicated 
that any one of several types of test in- 
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struments will give satisfactory insulation 
resistance results. Commercial forms of 
insulation resistance testers perform satis- 
factorily provided they are calibrated 
periodically and tested to assure their 
voltage output is proper. The maximum 
voltage at which measurements have been 
made with these instruments is 5,000 
volts, d-c. Motor driven devices or other 
constant voltage generators are necessary 
for taking long time insulation resistance 
curves. Hand operated units may be 
used for short time readings. 

The voltmeter method may be used 
with fair accuracy if the insulation resist- 
ance is less than 10 megohms. To insure 
accuracy of readings a high resistance 
voltmeter should be used. 

Considerable success has been attained 
with electronic rectifier sets having d-c 
outputs from 100 to 5,000 volts and with 
dry cell battery sets up to 1,500 volts. 
These use a voltmeter and a microam- 
meter for measurements which permit 
calculation of insulation resistance. They 
must be carefully shielded and guarded. 

Higher voltages may be obtained from 
Kenotron test sets. Tests may be carried 
to any reasonable limit of voltage with 
this type of equipment, though 5,000 
volts appears to be the present limit for 
sets portable by hand. In all rectifier 
sets it is essential that a steady supply of 
voltage be available to prevent fluctua- 
tion in charging current to the generator 
winding capacitance, an automatic volt- 
age regulator being used if necessary. 

Where protective resistors are used in 
test instruments their effect on the voltage 
magnitude applied to the insulation should 
be carefully taken into account. 


DURATION OF VOLTAGE APPLICATION 


While many insulation resistance meas- 
urements have been taken by the ‘‘crank 
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and read” method, Wieseman? and others — 
have shown that the insulation resistance 
of a winding varies with duration of volt- 
age application. Insulation resistance of 
a dry winding in good condition may con- 
tinue to increase for as long as a day or 
more with the test voltage applied con- 
tinuously at a steady value. Normally 
an approximately final value, which is 
termed ‘‘apparent insulation resistance”’ 
may be reached after 10 to 15 minutes. 
Insulation resistance after 30 seconds to 
60 seconds may be as little as 10 per cent 
to 20 per cent of the 15-minute reading. 
In figure 1 insulation resistance versus 
time curves, commonly referred to as di- 
electric absorption curves, are shown for 
different conditions of generator insula- 
tion. Curve A is a good example of the 
effects of ‘bone dry”’ and clean insulation 
on the final value of insulation resistance 
and on the shape of the dielectric absorp- 
tion curve. This curve represents an un- 
usually high insulation resistance for a 
machine whose rating is 200,000 kva, 
16,500 volts, in one stator winding. Curve 
B was taken on an 18,750-kva, 13,200- 
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Family having more common slope. Data taken 
at 500 to 20,000 volts after ten minutes 
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Family having lowest slopes. Data taken at 


1,000 to 8,000 volts after one to ten minutes 
Figure 2. Insulation resistance versus tem- 


perature 
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lt generator which had been exposed 
to. varying degrees of atmospheric hu- 
midity for several years, Considering size 
alone this smaller unit would be expected 
o have a higher insulation resistance than 
the larger unit. However, the insulation 
conditions are such that the reverse is the 
case. Leakage resistance effects pre- 
dominate and the curve flattens rapidly 
between the 30-second and the 3-minute 
readings. 
Information contained in curves of this 
nature discloses the reason for at least 
one difficulty in past attempts to correlate 
insulation resistance readings, for it is 
obvious that ‘‘spot readings’? made with- 
out regard to definite time of voltage ap- 
plication can give widely varying results. 
Many dielectrie absorption curves have 
been collected. While it is believed that 
Sy data give information as to dryness 
and cleanliness of winding, spot curves 
. have not disclosed a positive relation be- 
tween insulation resistance and insulation 
condition. Therefore, periodic curves are 
being taken’ and the behavior of the di- 
electric absorption factor over a long 
period is being observed and analyzed. 


EFFECT OF EXISTING 
CHARGE ON WINDING 


Comparative values of winding insu- 
lation resistance are markedly affected 
by residual charges retained in a wind- 
ing. For this reason windings should be 
grounded and discharged for at least ten 
minutes before applying insulation re- 
sistance tests. 


INSULATION TEMPERATURE 


Tests have indicated that the insulation 
resistance of windings is affected greatly 
by temperature. The most marked effect 
occurs in class A windings but even in 
class B insulation structures, the insula- 
tion resistance may vary as much as 10 
to 1 for a winding temperature change 
from approximately 25 degrees centigrade 
to 75 degrees centigrade, the insulation 
resistance being lower at the higher tem- 
perature. 

It is desirable that insulation resistance 
readings be taken at temperatures as close 
to 75 degrees centigrade as possible, to 
secure an indication of resistance at oper- 
ating temperatures, eliminating the effect 
of humidity and requiring minimum tem- 
perature correction. 

Figure 2 gives the results of field tests 
undertaken with the objective of estab- 
lishing factors which will permit readings 
taken at one temperature to be transferred 
to a lower or higher temperature. The 
results so far indicate two families of 
curves, with similar characteristics of in- 
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68,750-kva_ turbogenerator, 13.2 ey 60 
cycles, 1,800 rpm 


Data taken following acceptance test run 


A Insulation resistance at 10 min.—M=1/s 
B Insulation resistance at 4 min.—M=1/s 
C Insulation resistance at 1 min—M=1/4 
D Insulation resistance at 30 sec.—M=!/s) 
E Insulation resistance at 15 sec.—M=1/rg 

Avg.—M="/4 
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Data taken following about two years of base- 
load service 

F Insulation resistance at 10 min. —M=2/115 
G Insulation resistance at 4 min —M=1!/xy 
H Insulation resistance at 1 min —M=1/4 
! Insulation resistance at 30 sec_—M=1/35 
J Insulation resistance at 15 sec.—M="/g4 

Avg.—M ="/60 
Figure 3. Insulation resistance versus tempera- 
ture for different periods of voltage application 


sulation resistance versus temperature in 
each group. The curves may be repre- 
sented by the formula: 


M (t,—t,) 


where R:, and ft, are the unknown resist- 
ance and temperature at which the resist- 
ance is desired, R:, and ¢, are the measured 
resistance and the related winding tem- 
perature and M is a constant equal to the 
reciprocal of change in temperature for 
log R=1. Insulation resistance doubles 
for each 14 degree centigrade reduction 
in winding temperature for the curve 
whose M=1/4,, and doubles for each 31 
degree centigrade reduction for the curve 
whose M=?/04. 

Although it might be assumed that the 
two families of curves bear definite rela- 
tion to insulation class, this is not the 
case. Machines with both class A and 
class B windings appear in each group. 


log Ri,=log Ry — 
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Operating conditions apparently have a 
large effect on these characteristics, for 
data indicate that even after years of 
operation changes in the value of M for 
a given machine may occur from year to 
year. This is evident from figure 3 in 
which the curves having an average value 
for M='/4 were taken in 1938 shortly 
after a new generator was placed in 
service. The curves having an average 
value for M=1/¢) were taken on this same 
machine approximately two years later. 
The machine had been operated about 72 
per cent of the elapsed time at an average 
of 95 per cent of rated capacity and had 
been run for several days, well loaded, 
before the last test. It is apparent, there- 
fore that the value of M may vary for a 
given machine but it is not known defi- 
nitely whether this variation is due to 
differences in moisture or volatile matter 
content in the insulation, or whether it is 
due to some aging or curing action which 
has been under way during the many con- 
tinuous hours of high load operation. It 
is believed that moisture is the most 
likely cause of the variation. 

While extrapolation of the curves of 
figure 3 appears to meet in a point at low 
temperatures other data indicate paral- 
lelism or a meeting at high temperatures. 
The reason for and meaning of these 
variations are not known. 

No definite formula applicable to all 
machines, or even to the same machine 
under various conditions, can be given at 
this time for the relation of insulation re- 
sistance to temperature. Two readings 
taken at the same date on a machine will 
establish a curve for that machine for a 
definite condition of the insulation. A 
change in slope of an insulation resistance- 
temperature curve indicates a change in 
the insulation condition. 


EFFECT OF MOISTURE CONTENT 


Accurate insulation resistance data are 
very useful in determining the progress of 
drying machine insulation. It is custo- 
mary to dry a machine until the insulation 
resistance readings at constant tempera- 
ture approach a constant value when 
plotted with regard to time. When dry- 
ing out, the attainment of a constant 
insulation resistance at a constant tem- 
perature is a better indication of dryness 
than is the attainment of some previously 
selected value. 

Figure 4 indicates the variation of in- 
sulation resistance of a new turbo-genera- 
tor whose winding is being dried. Each 
point of insulation resistance was taken 
after ten minutes application of test volt- 
age. The insulation resistance dropped 
rapidly as the winding temperature in- 
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creased and then recovered as the mois- 
ture was driven from the insulation. 
When the test was terminated, the insula- 
tion resistance rose rapidly as the winding 
temperature decreased. 

Figure 5 gives another method of plot- 
ting similar data as taken on the initial 
dry-out run of a 37,500-kva water-wheel 
generator and illustrates the value of the 
one- and ten-minute readings in obtaining 
a clear picture of the conditions during 
machine dry-out. It will be noted that as 
the run progressed the separation be- 
tween the curves increased, indicating an 
effective drying of the insulation and the 
resulting increase of absorption effect in 
the dielectric. 


700 


re) 


by the increased machine temperature. 

An interesting case, illustrating the use 
of insulation resistance curves in deter- 
mining the effects of moisture, concerns a 
machine which had been subjected to flood 
waters. After dry-out, the insulation re- 
sistance increased to a satisfactory though 
not a high value and the machine was 
placed in service. The unit was operated 
with cooling air supplied through a spray 
system equipped with baffles for removing 
water from the air before it reached the 
generator. Later, after fairly continuous 
service, the generator was found to have 
low insulation resistance. The cooling 
air was suspected of carrying moisture 
into the machine and preventing thorough 


3o|— 


70 


o 
(eo) 


18,) 
(eo) 


Gy for Si Gay We) 


KR 
(ey Ke) (8) @ (2) @ © © 


INSULATION RESISTANCE —MEGOHMS 


nm Ww 
ro) 
° 
fe) 


° 


20! 
2 SSE 
SoRSaE 


TEMPERATURE — DEGREES CENTIGRADE 


{o) 


5 
TIME——DAYS 


Figure 4. Change in ten-min- 
ute insulation resistance with 
time during generator dry-out 


35,300-kva _ turbogenerator, 
13.8 kv, 60 cycles, 1,800 rpm 


The degree of moisture content in the 
outer layers of generator winding insula- 
tion has a very marked effect on the insu- 
lation resistance. A machine which has 
been running regularly will generally have 
a much higher insulation resistance at 
room temperature than the same machine 
after being idle for several weeks in a 
humid atmosphere. A relatively low in- 
sulation resistance resulting from ex- 
posure to moist air does not necessarily 
mean that the insulation is inferior or 
that the machine is not safe for operation. 
If the insulation resistance is still reason- 
ably high for the machine in question as 
shown by reference to periodic test data 
it may be returned to service and the 
moisture will be driven from its windings 
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20 
Figure 5 (right). Change in 
one-minute and ten-minute in- 
sulation resistance with time 10 
during generator dry-out 
37,500-kva hydrogenerator, 


13.3 kv, 25 cycles, 100 rpm re) 
(@) 


drying. The unit was operated under test 
load for two hours using relatively dry 
turbine room air for generator cooling to 
learn of its effect on insulation resistance. 
Curves A and B of figure 6 show the insu- 
lation resistance results before and after 
this change in cooling air. Asa result of 
these tests the unit, and several others in 
the same plant were equipped with surface 
coolers and a closed ventilating system, 
with improvement in insulation resistance 
as shown by curve C of figure 6. 

Spray type air washers have not caused 
similar trouble at certain other locations 
where the same type of tests were made 
on generators whose windings had not 
been submerged. 
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EFFECT OF TEST-VOLTAGE MAGNITUDE 


Insulation resistance measurements at 
75 degrees centigrade of dry insulation in — 


good condition will be affected very little 
by wide variations in test voltage. The 


effect appears to increase somewhat at 


lower temperatures as will be noted on 


figure 7. Windings having high leakage ~ 


due to moisture or dirt, or other types of 
deterioration, may show a more pro- 
nounced reduction in insulation resistance 
as the test voltage is increased. 

Results of complete tests on two ma- 
chines, have indicated there may be some 
merit in comparisons between insulation 
resistance measurements at two different 
d-c voltages, at the same winding tem- 
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perature. A 25,000-kw generator winding 
section was given a dielectric absorption 
test at 2.5 kv and at 15 kv d-c. The coils 
were then punctured on a 60-cycle high 
potential test and the insulation resistance 
values at the two voltages were again 
taken. The first test gave a ratio of ap- 
proximately 2 to 1 with the 2,500-volt 
measurement being higher. The second 
test gave an insulation resistance ratio of 
approximately 6 to 1 after the insulation 
had been punctured. This test was re- 
peated on another coil group and the 
ratio changed from approximately 2 to 1 
to a ratio of approximately 4!/, to 1. 
The stator winding of a 30,000-kva syn- 
chronous condenser was found in very 
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Figure 6. Armature-winding insulation re- 
sistance versus time 


25,000-kva generator, 13.2 kv, 60 cycles, 
1,800 rpm 

Tests made at 500 and 1,000 volts d-c. 

Winding temperature—74 degrees centigrade 


A—Arter using a water-spray air washer. 
Cooling air humidity—78 per cent 
B—After using turbine-room air at approxi- 
mately 38 per cent humidity during a two-hour 
load run made immediately after test A 


C—Arter using a closed ventilation system and 
surface coolers for about one month 


bad condition on visual inspection in a 
plant where two machines of the same 
rating and age were operating. The insu- 
lation resistance of the winding which had 
to be replaced was found to have a ratio 
of more than 7 to 1 between the 2,500-volt 
and 20,000-volt tests, respectively. The 
insulation resistance of the other machine 
was found to have a relation of approxi- 
mately 1.25 to 1 for the 500-volt and 
10,000-volt tests and 1.2 to 1 for the 
2,500-volt and 10,000-volt tests, respec- 
tively. The winding of this machine ap- 
peared to be in excellent condition. 

While sufficient data have not been ac- 
cumulated to permit final conclusions, 
they do indicate that a wide difference in 
insulation values determined by low and 
high voltage tests should lead one to 
suspect irregularities in the insulation. 
Efforts at conducting voltage tests under 
staged conditions by mechanical damage 
have met with poor success because of 
the difficulty of keeping reductions in the 
dielectric strength of armature bar insu- 
lation under control. 


V—Insulation Power Factor 


Power factor testing of generator wind- 
ings is not in common use. Experiments 
have been made, however, to determine 
whether some test of this type may be 
useful and practical. The 60-cycle power 
factor of generator insulation has been 
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studied for different winding tempera- 
tures and impressed voltages. 


EQUIPMENT 


Any well constructed and properly 
shielded power factor measuring equip- 
ment is satisfactory. Circuits of the test 
instruments must be thoroughly shielded 
and guarded to prevent interference from 
other energized equipment. Use of the 
ordinary wattmeter, voltmeter, and am- 
meter is not likely to give satisfactory re- 
sults. Suitable commercial measuring 
equipment is available from several 
sources. A testing supply of ample 
capacity to furnish the charging current 
at ther measurement voltage should be 
used. 

Park and Skeats‘ have shown that gen- 
erator winding capacitance can be deter- 
mined fairly accurately by use of the 

MVA 
“/kv(1+0.08 kv) 
farads per phase. 


The constant K, has the following 
values: 


formula C=K micro- 


Assumed 
Peripheral 
K. Speed Ft/Min 


Solid round rotors....... OW OTST trv 22,000 
Salient-pole generators 

without amortisseurs. ..0.0347...... 10,000 
Salient-pole generators 

with amortisseurs...... OO8L7 <5 eae 11,000 


Cis approximately inversely proportional 
to peripheral speed. 

Capacitance of connecting cables must 
be added if included in the test. 

Charging current at high voltage may 
be 25 per cent to 100 per cent above that 
determined by the capacitance constant 
alone, depending upon the extent of the 
corona losses, which vary with the im- 
pressed voltage. 


RESULTS 


Power factor measurements on machine 
insulation may be affected by many con- 
ditions, most of which are similar to 
those outlined for d-c insulation resist- 
ance. The time of voltage application ap- 
pears to have little effect on winding 
power factor unless it causes heating 
within the insulation. Winding tempera- 
ture and moisture content will have a 
pronounced effect, and winding capaci- 
tance is, of course, an important factor. 
Voltage magnitude has an effect on power 
factor causing it to increase as the voltage 
is increased over the normal test range. 

Insulation power factor should be 
nearly constant at each voltage below the 
ionization value. 

Figure 8 shows the typical variations of 


Testing of Insulation 


winding power factor with different values 
of applied alternating voltage at different 
temperatures. 

Power factor measurements have thus 
far produced little data which may be 
used to indicate insulation condition, 
other than moisture content. 

No experiments have been conducted 
on dielectric loss characteristics by the 
subject committee. European engineers 
have had some success with this method, 
particularly as applied to control of manu- 
facturing processes, It has received little 
attention as a means for supervising the 
insulation characteristics of an operating 
machine. 


VI—Ionization Measurements 


Both qualitative and quantitative ioni- 
zation measurements® have been investi- 
gated to determine whether such measure- 
ments can be used to detect insulation ir- 
regularities in generator insulation. The 
quantitative tests were designed to obtain 
a characteristic showing the relative mag- 
nitudes of ionization discharge from a 
generator winding as the applied a-c volt- 
age was varied, and to determine whether 
this might have any relation to the 
physical condition of the insulation or to 
its dielectric strength. Qualitative tests 
were designed to locate ionization points 
in the winding on the supposition that 
ionization would be present at weak 
points in the insulation. 

Apparatus used for the qualitative tests 
is shown in figure 9. Equipment for the 
quantitative measurements was con- 
nected as indicated in figure 10. Com- 
plete shielding of the apparatus is neces- 
sary, and even then external disturbances 
due to radiations from energized equip- 
ment nearby are bothersome. For the 
quantitative tests the radiations in the 
radio frequency range were amplified, 
rectified, and measured by a sensitive d-c 
instrument. The measurements were 
relative only and not of any definite figure 
in amperes of ionization current. 


RESULTS OF QUALITATIVE 
MEASUREMENTS 


The qualitative ionization tests deter- 
mined not only the impressed voltage at 
which ionization began, but were reason- 
ably successful in determining the loca- 
tions at which more severe ionization was 
present. On 6.6-kv and 11.4-kv genera- 
tors having old winding designs varying 
in insulation structure from 100 per cent 
class B to all class A construction in the 
“slot section, the voltage at which ioniza- 
tion was noted varied from about 1,000 
volts to approximately 7,000 volts. The 
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Table Il. Summary of Generator-Winding Insulation Tests* 1935-1940 


Se Ene 


Armature- , 
Armature Armature- Insulation Power Factor High-Voltage 
Insulation Insulation Resistance we Breakdown (Kv) 
: Armature 
Rating _Volt- Speed Age Time Temp. PerCent Temp. age 
(Kiva) age ; (RPM) (Yrs.) Type Megohms (Min.) Voltage (°C) P.F. (°C) (Kv) 60 Cy. 
12,000..11,400.. 750 sis yaa! Soto 2,000 Te Oss 500 Oe, 8:20:. | taste cenit tetsets 35 
T2000 e000 aunty OOM men Ones Barta 1,150 Ome 500 Weel es eT] 5 Pb Gees 45 
20,000.. 6,600.. 1,500 SPP) aleve Bacon 300 10 500 MGI le Sel i he georeae atte 39 
20,000.. 6,600.. 1,500 AOD a its Bast 350 10 500 ye PP? ae, 8 Pye ie eee 43 
14,000.. 7,800.. 720 BBO: whee 310/185 10 500/5,000. P20) Vip all 20... 4.5 46 
54/35 KO" 500/5,000 an ae 
68,750..13,800.. 1,800 Oars Bie: 200 Ome 8,000 mse 
OR on Biaeeen 208 a BY 8,000 36 
33,000..11,000.. 360 Ailtipatns Os ee 38/28 0) 1,000/5,000 56 
55,000..11,000.. 360 LB arte si cheters 285 20 000) Seer eS 
00,000..16,500.. 1,800 i he sol Ta i 2,200 25 1,000 se PR ee 
HG OGOMETS DU Mm MOAT Te 22h, na ak 36 Bat 1,000 se ae op aeitoheay te acai (Before rewinding) 
: ,000 Eby Sees Bis Se 
18,750.. 6,600.. 112.5 MGs ALeae 33 10 8 ig Me 2:° Saiiaminy 21 
18 coils) 
30,000..12,000.. 1,800 LOM atin oes 32/26 10 5,000/15,000 28 
FOO0s Ysa UAT — asos Mbcn0n Bo 700/500 NO spe 4,000/9,000 80 ..7.5/9.0.. 30 ..4/10 . 
8,600..12;000.. 1,200 Pi Rao ce A 16and17 Iw 1,000 6 ...22to 20,,° «1 .2.8.5,.22°5 Min. “(ave-—bio 
(Arm kv) (2 units—same 
& rating) 
Fld.) 
28,600. .13,800.. 1,800 Riles Binet 74 10 470 aa Se eS oh . 8 to 14 (3 coils tested) 
23,750..11,000.. 1,200 ard paste B.... 40,000/coil 3 500 rly Ee af A ems | 6..17 to 35 (1/3 of coils) 
Avg. 
23,750..11,000.. 1,200 AIS) 89, Bate 460 a tat 470 93 ng Br Bb One 
3,500.. 2,300.. 1,800 S20 tetas Bier 1,000 Be til Ae 470 21 
4,000.. 2,300.. 1,800 SO ee Bee 200 eee 470 21 
SOO. AN, TAY ~ ojos hone Byres 340 1 470 of Br te BSSO 31 770.5 
20,000..11,000.. 1,800 Re clr ‘Be oe 195 1 470 Tae ayy eG 23 aE On b 
23,750..11,000.. 1,200 Pie Bere 955 1 470 2 ee) Seb BOM O56 
23,750..11,000.. 1,200 Maer ct ‘Be 345 eee 470 eee 21 9.8 46 .. 0.5 
43,750..11,000.. 1,800 RlOmee. B. 140 ve 470 Be SORT 5.4 o41a = 205 
10,000. .11,000.. 94 PO dace Bees 475/275 Omer 1,000 .. 36/60 
10,000. .11,000.. 94 RORP i! Bi, ie 670 ee 10% 1,000 Len 63 
13,750..11,000.. 94 US oo oe Bae 265 IO Ss 1,000 soe 60 
10,000. .11,000.. 94 Hil eeeeee B.. 235 10 1,000 60 
10,000. .11,000. . 94 SOL Cee Baer 845/157 el On, 1,000 28/70 
12,000..11,000.. 116 SOU Boos Bos 311 10 1,000 ec 
12,000..11,000.. 116 ok dina oor Bes 136 10 1,000 sae SA) 
12,000. .11,000.. 94 i aa Bes 540 10 1,000 29 
15,000. .13,200.. Qa eT cereal Disetewrs ‘Byer 36 10 1,000 QD) ais qudsuapeie: ane ieqaiaceaitielp xe iekerete ohens 26 (Before rewinding 
two years earlier) 
15,000. .13,200.. CREE Suan enae Bite 35 Ales 1,000 80 
12,500..13,200.. 1,800 eal epee Beeman e2 70/200 . I 1,000 41/79 
12,500. .13,200.. 1,800 Pte ins Bee 820/164 >» 10) 1,000 44/73 
30,000..12,000.. 1,200 Gir: Bane 10/7 Bar aenee 4,000/12,000 (Room) 10 (Room)..10 ..14 (Old winding re- 
placed in 1939) 
Olncxeners Dicretets 37/31 Byer sienstsiere 4,000/12,000 (Room) 8 (Room). .10 (New winding) 
WA, PO, TOY — so eseous A Se 65 a 10a 1,000 20 20 20 ise 3.5 
2,500.. 2,300.. 3,600 ETC a8 B kere 1 50/phascweeee ower 1,000 50g 204 Sos 20 8 Pee 6.5 
AM, BAO, USO) sosdaocacselSoona SMANOASEHS 5, a0) os 2,500 40 4.3 bane. 10 25 (38°C) 
Nett, (BAO. . TEED aoacurdeooe Bees ere PR a aes Ieee erect 6.2 53 ..10 18 (53°C) 
30,000..13,600.. 720 Alera, Boao SOO) 5, 10 2,500/10,000 25 
30,000..13,600.. 720 ble adie BeSec 6000/70 10 .. 2,500/10,000 BO Ja othe tas et ce ere emer 26.3 (Avg.) 
5,800/2,700/800... 10 ..2,500/10,000/20,000.. 30 
(Ph-2) 
30,000..13,600.. 720 BO. ee B.... 400 (1-Ph) 10 2,500 20 
920 (All Ph) 10 2,500 20 
RIL. NOONE RRR Snonsooenor Bae. 950 10 1,000 28 
GOO THO. BO — sacsaceoace Bae: 1,000 10m 2,500 
14,000.. 6,000.. 720 ar OTe: A aes 135/105 HO Ge 1,000/8,000 Sy no eel gs, GR as @ 
1,500..11,000.. 375 Obie Bae 1,200 sae 25,000 30 
80,000..14,400.. 1,800 Tor Bote 100 ee: 1,000 70 
350/200 Final 1,000/10,000 33 
80,000..14,400.. 1,800 BS abe Bane: 80 10 1,000 43 
80,000..14,400.. 1,800 Onn ters Bank 19 10 1,000 45 
1S¥75O Mls: 200 Neel S00 mee od een Baees 99/12 10 500 32/63 
18,750..13,200.. 1,800 aod Bae 125/25 WW 6c 500 28/74 
25,000..13,200.. 1,800 Scan. B.A 520/50 10 500 37/75 
31,250. .13,800.. 1,800 Se ee B.. 900/190 10 500 34/72 
30,000.. 6,600.. 1,500 PPE ec Bie 170/110 10 1,000/20,000 3 
24,000. .13,800.. 1,800 soy Sam pee ie 10 he yu x emma LCL") 
23,500..13,800.. 720 a ote Bee 950 10 1,000 34 
58,800..13,800.. 3,600 ....0..... B....  1,500/2,100 10/35 1,000 27 
188,500. .13,800. .1,800/1,200....13..... B.. 15/19 10 1,000 ~~ 88 
TSS400ee13 SOs ml, SO0e | neni si ae Bae 40/21 10° 1,000 . 25/48 
160,000..11,400.. 1,500 SOD ete B.... 560 & 660 10 1,000 ‘ i : sad: 
24,000. .13,200.. 1,800 Viet. B. 330 10 1,000 Pp eacenn  de sel och SGike tabctiony) 
23,500..13,800.. 720 Soa B. 120 210 1,000 35 
35,000..11,400.. 1,500 BLT ee B. 1,000 10 1,000 42 
35,300..13,800.. 1,800 0 ee Bose 460 iG 500 50 


* Insulation resistance data on 40 machines not listed because of lack of full rating information. 
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machine on which ionization was detected 
at 7,000 volts and 21 degrees centigrade, 
was a 7.8-kv class A insulated unit. When 
this winding temperature was raised to 
47 degrees centigrade, ionization could 
be detected at about 5,000 volts. 

Ionization was detected at 1,000 volts 
on a 6.6-kv machine with mica insulation 
at a point where the coil passed through 
an air duct at the center of the stator 
winding. Though signs of corona pitting 
were expected in the insulation and heavy 
paper protective covering actually no 
evidence of such damage was found. 

Where an aerial was used for detection, 
the only radiations due to ionization 
which were picked up in the slot sections 
of the stators were at air ducts and at the 
outer edges of the stator iron, even though 
the voltage was raised to more than two 
times machine rated voltage. This may 
be explained partially by the shielding 
effect that the stator conductors receive 
in the slot sections. Ionization was de- 
tected at the end turns of all machines 
tested by this method, at voltages vary- 
ing from 25 per cent to 50 per cent of 
machine rated voltage. 

An attempt was made with the search 
aerial to locate points where intentional 
damage had been inflicted to the insula- 
tion of various generators, by bruising 
the insulation with hammer blows, by 
cracking the insulation in bending, and by 
cutting into the insulation structure with 
a knife. The qualitative measurements 
gave no clear indication that ionization 
had increased or that it developed at a 
lower voltage. 


] 
} 


RESULTS OF QUANTITATIVE 
MEASUREMENTS 


Quantitative ionization tests were made 
to determine the relation of ionization 
discharge with change in impressed volt- 


age and to determine whether the rate of - 


change could be used to detect insulation 
damage or deterioration. Figure 11 shows 
the curves. obtained on a class A insulated 
machine for all three phases, two phases 
separately, and for a section of another 
phase winding whose insulation had been 
intentionally damaged as previously de- 
scribed. It was thought that the curve 
would show a step type characteristic 
giving sudden increases of ionization units 
at increasingly rapid steps as the im- 
pressed voltage was increased. This char- 
acteristic does seem to be partially 
realized in the curves for the two separate 
phase tests, though not to the degree 
anticipated. The results on the winding 
section which had been damaged were 
somewhat surprising since the winding 
failed to ground as the voltage was ap- 
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proaching 16kv. Thisis only 1,000 volts 
above the highest voltage at which a 
measurement of ionization units was 
made. The curve shape gives no indica- 
tion of approaching failure. 


VII—High-Voltage Tests— 
A-C and D-C 


A survey of coil insulation strengths was 
made on a number of machines where the 
machine was being removed permanently 
from service or where the winding was to 
be replaced. The work consisted of a-c 
high potential tests, to breakdown, on 
different phases and different coil sections 
and, in some cases, was supplemented by 
tests using d-c voltage from Kenotron 
testing equipment. These tests were 
made in conjunction with other measure- 
ments on winding sections as found and 
on coil sections which had been subjected 
to various types of mechanical damage 
intentionally inflicted. Special attention 
was also given to determination of the 
relative a-c and d-c strength of winding 
insulation. 


EFFECT OF AGE ON 
DIELECTRIC STRENGTH 


Generator armature winding insulation 
strengths were found remarkably high 
even after 20 to 30 years of service, as 
will be noted by reference to table II. 
There were occasional failures at voltages 
less than twice normal rated voltage at- 
tributable to mechanical injury which 
had developed in the insulation and which 
could not be seen until the winding was 
disassembled. Most of the breakdown 
voltages were far in excess of the voltage 
specified for new machines in the AIEE 
Standards. A 6.6-kv generator with 1915 
class B insulation failed at the end-turns 
at approximately 6!/, times rated terminal 
voltage on several tests. This is the ma- 
chine on which ionization was detected 
in the slot section at the air duct with an 
impressed potential of only 1,000 volts. 
It was impossible to obtain a failure on 
one of the armature bars after the end- 
turn brackets had been disassembled, 
though the voltage was raised momen- 
tarily to 72 kv and held at 68 kv (over 10 
times normal) for a period of 5 minutes. 
This case is exceptional and is not in- 
tended to convey the thought that arma- 
ture bar insulation has this safety factor 
as a general thing. 


Rotor DIELECTRIC TESTS 


Ten turbogenerator fields were tested 
to destruction, with breakdown voltages 
varying from 1 to 5.5kv. Six of the fields 
punctured at values between 1 and 2 kv 
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which indicates that, in order to prevent 
undue stress, routine field testing should 
preferably be done with a 500-volt source 
rather than with a 1,000-volt source. 


DIELECTRIC STRENGTH— 
A-C Versus D-C 


Numerous tests have been made to 
determine the relative strengths of gen- 
erator insulation as determined by break- 
down voltage using a-c and d-c test 
equipment, An established ratio between 
the two types of tests will permit use of 
low capacity d-c testing equipment on 
large armature windings. 

Such tests were made by selecting a 
group of four to six coils, each at different 
locations, around the periphery of the 
stator for each type of test. Unusually 
low breakdown strengths were disre- 
garded as being caused by abnormal weak- 
nesses in the coil. Experiments made to 
date have given the following results: 


Table III 


Average Insulation 
Breakdown 
Strength 


A-C 
Voltage D-C 
(RMS) Voltage D-C/A-C 


Ratio 


Machine Kv Kv (RMS) 
2.3-kv motor.......... Ne 6 Ae OKs bree qrtuals) 
2.3-kv motor........... i Ue Tete es ee UA Ue bate 
13.8-kv, 30-mva syn- 

chronous condenser. .28.3....38.5...,..1.46 
6.6-kv, 30-mva turbo- 
WEMELALOL, ec e's ke pus BAn Oe eOed aban: 


Similar tests have been performed in the 
laboratory on a group of spare generator 
coils, no end-turn supports were used. 
The slot sections of the coil were grounded 
carefully by clamping them into metal 
troughs. The average 60-cycle break- 
down was 65 kv. The d-c value varied 
from 150 to 175 kv. The ratio is approxi- 
mately 2.5, which approximates values to 
be expected in cable insulations. It is 
thought the test set-up, by reducing ion1- 
zation, may have more nearly represented 
a cable structure than it did a generator 
coil structure. 


RELATION BETWEEN INSULATION RE- 
SISTANCE AND DIELECTRIC STRENGTH 


Since the ultimate objective of this*in- 
vestigation has been to determine a test 
method or a group of tests which could 
be used to determine the true quality of 
generator insulation with regard to its 
ability to withstand high voltage, much 
time has been spent in attempting to find 
a relation between dielectric strength as 
determined by a-c and d-c breakdown and 
various d-c insulation resistance measure- 
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Figure 7. Insulation 16 
resistance versus test 
voltage at different '4 


OMe 4 Ca Se 0 le i416 


TEST VOLTAGE - KV. D-C. 


ments made at non-destructive voltages. 
In the early work, insulation resistance 
magnitudes were compared with 60-cycle 
breakdown strength on many coils. The 
investigation has been enlarged to include 
comparisons between insulation strength 
determined by a-c breakdown tests with 
dielectric absorption curve shapes and 
variations in insulation resistance char- 
acteristics at widely varying values of d-c 
voltage. Comparative insulation re- 
sistance and a-c breakdown tests have 
also been made under many conditions 
of deliberate mechanical damage to the 
insulation. 

At present, no claim can be made that 
the ultimate objective has been attained. 
Comparisons between single insulation 
resistance measurements and dielectric 
strength seem to have little or no value 
and, under certain circumstances, the in- 
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winding tempera- 
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2 
30,000-kw  turbo- ¥ 10 
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& 6 
3 
545°C. Fi sure 8 (right). In- 4 
sulation power factor 
versus test voltage at . 
605°C. different winding _ 
temperatures 0 
70,0°C. 
30,000-kw — turbo- 


generator, 6.6 ky, 
25 cycles, 1,500 rpm 


sulation resistance at moderate d-c volt- 
ages has been found to increase after the 
winding has been punctured on an a-c 
high potential test. 


LOCATION OF DIELECTRIC FAILURES 


Stator winding insulation failures on 
breakdown tests occurred frequently at 
the end-turns. In some machines several 
coils were punctured, using both a-c and 
d-c, without a single failure occurring in 
the slot section. As indicated in table II 
the insulation strengths varied widely but 
invariably if a number of coils were tested, 
it was found that the weakest portion of 
the winding structure was at the end- 
turns. 

Most end-turn failures occurred from 
the winding to the supporting brackets 
which always involved a flash through a 
short air gap. The insulation recovery 


Figure 9 (left). lonization de- 
tection apparatus ready for use 


Figure 10. Connections of ap- 
paratus for measurement of 
ionization intensity in gene- 
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after these failures was such that insula- 
tion resistance measurements did not 
detect any change in the winding charac- 
teristics. The failures which occurred in 
the slot sections appeared at the end of 
the slot or at the edge of an air duct in 
the stator iron. It is possible that ioniza- 
tion or swelling of the insulation at these 
points caused damages which reduced the 
dielectric strength but we have not been 
able to confirm the predominating cause. 
Very few machines have shown severe 
distress as a result of corona. In the few 
cases where effects of corona have been 
noted, the class A outer layer only has 
been affected. There has been no case 
where direct injury to mica insulation due 
to corona action has been discovered. 


VilI—Conclusions 


1. Theindustry will obtain increased value 
from its insulation testing if the known 
causes for variations in the results are care- 
fully taken into account. 


2. Insulation resistance varies widely with 
type and speed of machine, type and condi- 
tion of winding, degree of cleanliness, tem- 
perature, moisture content, and extent of 
d-c charge on the winding. ‘‘Spot’”’ read- 
ings, particularly, may be misleading unless 
carefully corrected for various factors af- 


rator windings fecting the reading. However, periodic 
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eadings may indicate a trend of the general 
condition of the insulation. 


3. There is at present insufficient data to 
permit accurate correction of insulation re- 
sistance readings for all factors affecting 
these readings. 


4. Slopes of the resistance-time curves may 
be of value as an indicator of insulation 
condition, They are satisfactory indices of 

excessive moisture content in the insulation. 


5. Insulation resistance-time curves are 
extremely useful to indicate the progress of 
winding dry-out. 


6. Comparisons of insulation resistance- 
time curves taken at widely different d-c 
voltages may prove of value in determining 
insulation condition. 


7. The voltage effect on winding insulation 
resistance appears to be greater as the wind- 
ing temperature is reduced, or as the mois- 
ture content is increased. 


8. Power factor tests have given little 
indication of value in locating faults or 
incipient faults in generator windings. 
However, power factor measurements may 
prove to be an indicator of the trend of the 
general condition of the insulation including 
moisture content in a given machine if 
records are kept of periodic readings. 


9. Sixty-cycle ionization tests have given 
no indication of value in predicting genera- 
tor insulation condition or locating weak 
spots in windings. 


10. D-c/a-c (rms) relative dielectric 
strength of generator insulation appears to 


approach 4/2. Additional tests must be 
made to establish this more accurately. 


11. Dielectric strengths of old armature 
windings have been found to be generally 
high. 


12. The end-turns of old generator wind- 
ings appear to be weaker dielectrically than 
the slot sections. 


13. Preferably, field windings should not 
be stressed to more than 500 volts d-c in 
routine testing. 
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Factors Contributing to Improving 
Electric Service by Means of High- 
Speed Switching and Utilization 
of Stored Energy 


J.T. LOGAN 


ASSOCIATE AIEE 


Synopsis: The quality of electric service 
as reflected through variations in motor 
speeds resulting principally from voltage 
surges is about as important to many manu- 
facturing processes as is the continuity of 
such service. This paper sets forth the 
effects of voltage surges on an extremely 
speed-sensitive manufacturing process and 
describes how the effect can be minimized 
to the extent of becoming harmless. Test 
data are given which show the effects of 
voltage surges, of varying duration and 
magnitude, on the process, and the voltage 
surge is shown engraved in the finished 
product as the purchaser sees it. The 
maximum tolerable driving motor speed 
variation, without impairment to the prod- 
uct, is established and means are described 
for preventing a greater variation irrespec- 
tive of the voltage surge intensity. An 
alarm system is described which is capable 
of instantly responding when variations in 
speed exceed tolerable limits. Use of a 
synchronous condenser, to supply energy 
during the interim of severe voltage dis- 
turbances or brief power failures, is effec- 
tive in preventing motor-speed variations 
from exceeding the tolerable limits. These 
and other recent improvements will pro- 
vide highly reliable electric service for the 
requirements of those manufacturing proc- 
esses which are very exacting as to speed 
variations. 


CCORDING to reliable statistics, 
approximately 85 per cent of auto- 
matic interruptions to overhead power 
circuits result from transient disturbances 
which are removed within a fraction of a 
second after the circuit is de-energized, 
leaving the circuit undamaged. Experi- 
ence backed by tests conducted in various 
classes of industrial plants has established 
the fact that power failures of from one- 
half to one second duration do not consti- 
tute a failure of service, provided the en- 
ergy stored in current consuming appara- 
tus is utilized during the interim such ap- 
paratus is disconnected from the normal 
power supply. It follows, therefore, 
that when a power circuit is interrupted 
from transient causes, if reconnected to 
the normal power source quickly enough, 
an interruption to service is averted. 
Under this practice the circuit breaker 
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employed for controlling the power cir- 
cuit, in effect, becomes a device which 
removes disturbances from the power 
system without impairing service. This 
paper describes the use of circuit breakers 
in this manner, together with related fac- 
tors in the order of their contribution to 
the improvement in reliability and qual- 
ity of electric service. 


I. High-Speed Circuit Reclosure 


A series of tests was made on the Geor- 
gia Power Company’s system in June 1931 
for establishing the feasibility of high- 
speed circuit reclosure. An automatic 
circuit breaker reclosing relay, providing 
for reclosing the breaker without delay 
after its initial tripping, was applied to a 
circuit breaker through which some 6,000 
kw of industrial load was supplied over a 
38-kv overhead circuit. The breaker 
controlling this circuit was capable of 
making the complete operation, from 
closed position to open and closed posi- 
tion again, in about 40 cycles. (All 
references to frequency are on a 60-cycle 
basis.) 

Time-delay undervoltage-type push- 
button stations were installed for control- 
ling several motor contactors in one of the 
textile plants served from this circuit, re- 
placing conventional instantaneous-type 
push-button stations. The 38-kv circuit 
was then short circuited several times by 
drawing pieces of fuse wire across phases. 
In every test the arc was extinguished by 
the circuit breaker opening and did not 
restrike when the circuit was reconnected 
to the power source, after having been 
disconnected for about 40 cycles. All 
motors in the plant equipped with instan- 
taneous-type push-button stations were 
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shut down from the voltage disturbances, 
but those controlled by the time-delay 
undervoltage devices continued in opera- 
tion. The maximum speed drop of these 
particular motors which were driving 
twisting frames varied between 10 and 15 


per cent during the interim. According © 
to textile experts these speed variations — 


did not appreciably lower the quality of 
the yarn, and the strain on the motors ap- 
peared to be less severe than restarting 
them from a standstill. 

The tests attracted considerable inter- 
est and new reclosing relays, or modified 
conventional reclosing relays, were de- 
veloped for this new reclosing practice, 
which was quickly adopted by several 
power companies in the Southeast. 

High-speed circuit reclosing with a 
duty cycle of 0-15-120 seconds was ap- 
plied on most of the circuit breakers con- 
trolling overhead circuits on Georgia 
Power Company’s system. Certain mo- 
tor operated breakers necessitated delay- 
ing the second reclosure for 45 seconds or 
more, in order to provide time for the 
operating mechanism to relatch after 
tripouts immediately following the first 
reclosure. After about 15,000 automatic 
operations of circuit breakers equipped for 
high-speed circuit reclosure, not one 
breaker failure has been traced to this re- 
closing practice. 

An early obstacle to the application of 
high-speed circuit reclosing was the time 
required for certain types of protective 
relays to part contact after closing to 
trip the breaker. The geared-type re- 
lays, in particular, then required about 
three-fourths of a second to part contact 
and obviously would retrip the breaker 
upon the initial reclosure. New contact 
arrangements providing for contact sepa- 
ration in one-fourth second or less were 
employed. 

More than 12,000 interruptions to cir- 
cuits supplying loads varying from a few 
hundred kilowatts up to 25,000 kw have 
been prevented on the Georgia system 
through the medium of high-speed circuit 
reclosure during its ten years’ use, the ef- 
fects of circuit tripouts being no more 
harmful than ordinary voltage surges. 
Below is a table showing the ten years’ 
performance of certain circuits equipped 
for high-speed reclosure: 


— 


oe 


Number of Circuit Tripouts..... 10,090. .100% 
Successful Reclosures: 
1st instantaneous............. 8,400.. 83.25% 
2nd 15-45 seconds............ 1,084.. 10.05% 
Srdi120isecondssan eee 143.. 1.42% 
CircuitLockouts. yee eee 533.. 5.28% 


Actually, the proportion of successful 
first reclosures including all operations is 
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Figure 1. Results from oscillographic analysis 
of effectiveness of high-speed circuit reclosure 
in preventing interruptions 


Note that load, curve A, after circuit tripout 

and reclosure is practically normal within one- 

half second after being reconnected to the 

power supply, and that the speed variation, 

curve 8, of a 7.5-horsepower motor is 
negligible 


above 85 per cent instead of the 83.25 
per cent shown, because the tabulation 
includes 2.3-kv and 4-kv circuits, the per- 
formances of which are hampered by tree 
grounds; and omits some 5,000 operations 
of 38-kv and 44-kv circuits supplied from 


automatic or semiautomatic stations 
where the records might be questioned for 
lack of devices capable of accurately re- 
cording the sequence of breaker opera- 
tions. 

Power consumers, particularly the in- 
dustrial class, receive the greatest bene- 
fits from high-speed circuit-reclosing prac- 
tices. According to records and obser- 
vations a power failure, if for only a few 
seconds, stops completely or seriously cur- 
tails the average industrial plant output 
for five to ten minutes and in many cases 
as much as one-half hour.? 

The portion of the load that actually 
“coasts through” the time required for 
clearing faults from and reconnecting 
the circuit to the power source varies, 
but when motor controls are adapted for 
this practice, as described under section II 
following, the service interrupted is neg- 
ligible, the effects being no more harmful 
than disturbances that cause moderate 
light flicker. Figure 1 shows oscillo- 
graphic results of a test for determining 
the amount of load actually interrupted 
during the interim the circuit is discon- 
nected from the power source. The load 
was disconnected from the normal power 
source for 27 cycles during which time 
stored energy supplied the requirements. 
The fact that the magnitude of the load 
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{e) fe) 
TIME IN CYCLES 


was practically normal within one-half 
second after being reconnected to the 
normal power source is proof enough that 
for all practical purposes there was no 
service interruption. 


II. Application of Time-Delay 
Undervoltage Devices 


Control apparatus usually supplied 
with motors incorporates undervoltage 
protection for the larger or more impor- 
tant motors. Unless specified by the pur- 
chaser, this protection is generally of the 
instantaneous response type and will 
shut down the motors for voltage dips 
on the power supply.” This necessi- 
tates restarting the motors after each 
voltage dip, with resulting loss in produc- 
tion and, in many cases where continuity 
is essential, of upsetting the entire proc- 
ess for extended periods of time with 
consequent heavy loss in raw material. 
Application of suitable time-delay under- 
voltage protective apparatus will reduce 
such losses to the practical minimum. 

This improved type of undervoltage 
protection is becoming standard practice, 
the older instantaneous types having 
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Figure 2. Inertia-relay operating characteristics 


Curves A and B represent, respectively, speed 
changes for complete and partial loss of power 
source. Curves C-1, C-2, C-3, and D-1, D-2, 
D-3 represent, respectively, three of several 
possible relay-response slopes without and 
with the inertia element damped. The relay 
closes contact where slope, say C-1, crosses 
curve A or B 


proved entirely unsatisfactory for use on 
important motors supplied from large 
interconnected power systems, because of 
the large number of voltage surges result- 
ing from atmospheric disturbances usu- 
ally in the form of lightning or sleet. 
The great majority of these voltage dis- 
turbances are cleared from power systems 
within one second or less, or the fault is 
so far removed that the surge voltage at 
the particular location does not drop be- 
low 65 per cent of normal. Consequently, 
the disturbances should be of little con- 
cern when the motors are properly pro- 
tected by time-delay undervoltagedevices 

Voltage surge tests conducted in many 
textile plants employing speed-sensitive 
manufacturing processes indicate that 
the drop in motor speed in event of a 
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Slow decay in field current makes this an unsafe practice. Condenser should be disconnected 
some 10 to 15 cycles in advance of restoring normal power source 
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complete power failure for one second is 
generally less than 20 per cent and that 
shutting down motors for such speed 
variations would do more harm than 
good, even ignoring the trouble of restart- 
ing. In fact, the practice of allowing es- 
sential motors to be shut down for voltage 
disturbances of any duration, so long as 
the motor continues to rotate, is question- 
able. There are links in many manufac- 
turing processes that are adversely af- 
fected by rapid and prolonged speed 
changes, but usually stopping the process 
only aggravates matters. Such proc- 
esses or links in processes should be given 
special consideration with the view of 
preventing objectionable voltage surges 
from being reflected on to the power 
source driving the particular motors. 
Means for accomplishing this are dis- 
cussed under section V. 

Continuity of operating through volt- 
age disturbances is not essential, from the 
standpoint of preduction or quality of the 
product, for certain motors in most indus- 
trial plants. Whether these motors should 
be protected by time-delay undervoltage 
devices is a matter of individual consid- 
eration. 

Synchronous motors, of course, require 
special consideration and generally should 
be disconnected from the line as quickly 
as possible following an out-of-step con- 
dition, unless the motor has excellent 


Figure 4. Swatches of hosiery tubing knit 
from yarn produced under conditions of re- 
peated voltage surges imposed on the power 


supply 
Motor- 
Surge Surge Speed 
Voltage Duration Variation Yarn 


(Per Cent) (Cycles) (Per Cent) Quality 
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pull-in torque characteristics. Even then 
it would probably be better to provide 
field removal and restoring features and, 
possibly, automatic unloading devices. 


II. Treatment of 
Synchronous Apparatus 


A 3,000-kva synchronous condenser 
connected to one of the circuits originally 
equipped for high-speed circuit reclosure 
required that the initial reclosing time be 
delayed to allow the fault more time to 
clear. The condenser in some instances 
prolonged the arc. An analysis of this 
problem revealed that suitable relays were 
not available for the purpose of removing 
the condenser from the line quickly 
enough, in order to avoid purposely de- 
laying the initial reclosing time as much 
as one second or more, thereby defeating 
the purpose of high-speed circuit reclosure. 

Reverse power and frequency respon- 
sive relays were tried but when adjusted 
to operate in about one-fourth of a sec- 
ond, the maximum allowable without 
purposely delaying the circuit initial 
reclosure, the condenser would often 
be unnecessarily disconnected. 

In order to solve this problem, the 
authors developed a relay operating on a 
new principle, that is, the rate of speed or 
frequency change. This device, called an 
inertia relay, combines high speed re- 
sponse with reliability and is ideally 
suited for not only this application but for 
other uses discussed later.4 

The relay differentiates between the 
relatively gradual rate of speed or fre- 
quency change on large power systems 
where millions of pound-feet? of inertia 
are involved and the rapid and erratic 
changes that occur on small portions of 
the system suddenly cut loose from the 
main power source and left without, or 
greatly deficient in, power supply. 

Referring to figure 2, which shows the 
inertia-relay operating characteristics, 
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the relay can be adjusted to operate at 
any desired point along curve A, say at 
point A-1, for disconnecting synchronous 
condensers or an overloaded generating 
plant from circuits equipped for high- 
speed reclosing, this being accomplished 
n time to allow reconnecting the circuit 
to the system without delaying the re- 
closure. The maximum speed change ex- 
pected on a power system under condi- 
tions of ordinary frequency disturbances 
follows some line usually well above curve 
B, to which the inertia relay will not re- 
spond if adjusted to operate on the slope 
represented by characteristic curves D-1, 
D-2, D-3 or some other of this family of 
curves. The relay can be adjusted to 
operate on the slope represented by 
curves C-1, C-2, C-3, and so on, if desired 
by simply lessening the damping effect 
on the inertia element. Also, the relay 
can be adjusted to respond within ten 
cycles or less for curve A. However, 
this would usually be undesirable be- 
_ cause of waste in the kinetic energy stored 

in the rotors of spinning capacity so dis- 

connected. 


| 


One of these relays is employed on the 
Georgia system for sectionalizing a 
45,000-kw load in a manner for leaving 
load within capacity on a local 16,000-kw 
generating plant when the primary power 
source, a 110-kv transmission line, is in- 
volved by transient disturbances.‘ The 
relay detects the loss of the 110-kv source 
and accomplishes sectionalization in time 
to permit high-speed circuit reclosure to 
the transmission line without intentional 
delay, thus avoiding interrupting any 
portion of the load for transient faults in- 
volving the 110-kv source. 

Five synchronous condensers and five 
small automatic hydroelectric plants con- 
nected to circuits equipped for high- 
speed circuit reclosure are also supervised 
by these relays. Four other installations 
for similar purposes are now under way. 

Incidentally, the relay in addition to 
sectionalizing the 45,000-kw load area 
referred to above has proved to be faster 
and more positive than protective relays 
in disconnecting the faulted 110-kv line 
from the hydroelectric plant in time to 
prevent “swamping” the plant. This 
could not be done satisfactorily with con- 
ventional power directional relays, conse- 
quently, two other applications of the 
inertia relay for similar purposes are being 
studied. 

Whether to disconnect synchronous 
condensers operating on circuits equipped 
for high-speed reclosure or to remove their 
sources of excitation only, during the in- 
terim the circuit-is disconnected from the 
power source is a question frequently re- 
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ferred to the authors. Figure 3 shows 
the results of removing the excitation 
source only, and indicates that the mag- 
netic energy stored in the machine is not 
dissipated in the field discharge resistor 
rapidly enough to make this a safe prac- 
tice. 


IV. Variation Tolerance in Motor 
Speeds 


The foregoing sections of this paper 
deal primarily with improving the quality 
of electric service by reducing what other- 
wise would be momentary interruptions to 
electrical disturbances no more harmful 
than ordinary voltage surges. 

Moderate voltage disturbances can be 
tolerated by the majority of users of elec- 
tric service without harmful effects. 
However, some manufacturing processes 
are adversely affected from voltage surges 
to the extent that precautionary meas- 
ures must be taken for minimizing the 
effects. In many instances the effects 
of voltage disturbances have been con- 
sidered so damaging to the finished prod- 
uct that a local power supply is provided 
in preference to accepting the conse- 
quences of voltage surges that accom- 
pany electric service supplied from large 
transmission systems. A few of the 
processes which are unusually sensitive 
and adversely affected by voltage disturb- 
ances are employed in the manufacture 
of rayon and silk; high quality cloth; 
pulp and paper; broadcasting stations; 
printing presses. 

The damaging effects of voltage dis- 
turbances are transmitted to the finished 
product generally through driving motor 
speed changes that result from the drop 
in voltage. Realizing the seriousness of 
this problem the authors have conducted 
extensive tests jointly with industries 
served by Georgia Power Company for 
the purpose of establishing what might be 


precision with which such a tolerance fac- 
tor has been established for an unusually 
delicate or speed-sensitive process should 
be of interest, particularly to those who 
question the ability of a power system, 
subject to frequent lightning storms, to 
render satisfactory service to industries 
employing processes which require almost 
constant speed. 

The test procedure provided for spin- 
ning yarn while the spinner driving motor 
power supply was being subjected to re- 
peated artificia! voltage disturbances of 
varying intensity and duration. Oscil'o- 
graphic records of the voltage disturb- 
ances and motor speeds were obtained for 
each series of tests and the yarn marked 
in a manner for identifying that made 
under each of four surge test conditions. 
The quality of the yarn with respect to 
variations in size and dyeing characteris- 
tics, was determined with uncanny ac- 
curacy by textile engineers. So accurate 
were the methods employed, that the 
yarn size could definitely be tied in with 
the motor speed, even to the extent of 
distinguishing that produced during the 
period of decreasing motor speeds from 
that produced during the period of ac- 
celerating speeds which followed immedi- 
ately the restoration of normal voltage. 

Sections of the four batches of yarn 
produced under power surge conditions 
were next knit into hosiery tubing and 
dyed in a sensitive shade for bringing out 
dyeing defects. Figure 4 is a reproduc- 
tion of a photograph of the swatches of 
hosiery tubing which were knit from 
yarn spun during the four surge tests. 
Associated with each swatch is a motor 
speed curve, corresponding alphabeti- 
cally with the swatch designation, showing 
the motor-speed variation for each arti- 
ficial voltage surge which was repeated 
every 20 seconds during the test. The 
effects of the voltage surges as reflected 
through the driving motor can be seen 


called a voltage ‘‘tolerance factor.” The as bars, faintly in swatch C and clearly in 
H64-S5 
Motor-speed variations in the re noses tet i 
area above curve A, do not aE MOTOR SPEED VARIATIONS 27 ZR 
damage material produced Z>, ~~ cae 
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chronous condenser when sup- 
plying 2,700 kw of load. 
Curve C represents speed of 
motors so driven. Load was 
disconnected from condenser 
at B-1 and reconnected to the 
normal power source; other- 
wise, motor speed would have OmanO 
followed trend of B-2 
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Figure 5. Tolerable and objectionable motor-speed variations 


Logan, Miles—Improving Electric Service 


Transactions 1015 


swatch D. The yarn produced under 
surge conditions represented by swatches 
A and B is classed as normal production 
by the textile engineers. 

A summary of conclusions reached after 
analyzing the test results follows: 


1. The principal interest of the textile 
company in regard to the effects of electrical 
disturbances may be measured by the de- 
gree to which the spinning machine driving 
motor speed is affected. Motor-speed 
variations of not more than 10 per c nt in 
one-half second can be accepted without 
great concern. Motor-speed variations of 
15 per cent during a one-second period 
lead to variations in yarn size and dyeing 
disturbances which may be considered ob- 
jectional. Speed variations on the order 
of 25 to 30 per cent during a two-second in- 
terval lead to pronounced loss of dye quality, 
due to marked variation in yarn size. 


2. A signal system responding to motor- 
speed changes greater than that tolerable 
could be employed to advantage for advis- 
ing the spinning production supervisor 
that yarn being spun was outside acceptable 
limits and should be segregated from regu- 
lar production. 


3. Voltage disturbances which do not re- 
duce the driving motor torque below the 
pullout value are of little concern as the mo- 
tor slip is increased less than ten per cent. 
Disturbances that reduce the torque below 
the pullout value, usually about 65 per cent 
normal voltage, must be limited to one-half 
second if the yarn spun is kept within ac- 
ceptable limits. 


4. The effects of voltage disturbances can 
be reduced to tolerable limits by means of 
high-speed clearing of faults, or the use of 
synchronous apparatus for maintaining 
voltage during system disturbances, to a 
value above the motor pullout point. 


The signal system referred to in (2) 
above would require an initiating relay 
of unusual accuracy; otherwise yarn out- 
side acceptable limits might get through 
unnoticed until too late, thereby causing 
a large shipment to be rejected as being 
outside acceptable limits. The inertia 
relay is ideally suited to initiate a signal 
for this purpose. 


V. Prevention of Objectionable 
Motor-Speed Changes 


Voltage-tolerance factors for various 
manufacturing processes can be estab- 
lished through suitable tests, similar to 
those described under section IV in con- 
nection with the manufacture of yarn. 
Having determined the voltage require- 
ments for rendering satisfactory service 
to a particular speed-sensitive manufac- 
turing process, means for restricting 
motor-speed variations to within tolerable 
limits can be considered. 

High-speed clearing of faults offers an 
effective means for preventing damaging 
motor-speed changes. It was deter- 
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mined from tests described under section 
IV that zero voltage for one-half second 
was not objectionable in this particular 
extremely speed-sensitive process, in 
that the quality of the yarn was not ap- 
preciably lowered by subjecting the spin- 
ning motor power source to repeated 
power failures of one-half second duration. 
Refer to B, figure 4. For reasons more 
attractive than the prevention of dam- 
aging motor-speed variations, high-speed 
clearing of faults on transmission net- 
works is very desirable and in many in- 


stances essential in order to promote 


system stability and reduce damages 
from power arcs. Unfortunately, how- 
ever, this means for preventing motor- 
speed variations cannot be universally 
applied, principally because of fuse co- 
ordination problems which are encoun- 
tered on most power circuits supplying 
industrial plants. 


Objectionable motor-speed variations 
resulting from voltage disturbances re- 
flected on to industrial plant power 
sources from the transmission system can 
be prevented where local generation is 
available and at a very reasonable cost. 
This may be accomplished by inserting a 
reactor between the plant bus and the 
transformer bank connecting the plant 
to the transmission system. The imped- 
ance of the reactor should be such that the 
local generating source can maintain 
voltage on the plant bus in excess of 
motor pullout values, usually about 65 
per cent normal. Such an arrangement 
would limit motor-speed changes during 
the time of voltage disturbances on the 
transmission system to less than ten per 
cent or to within tolerable limits for even 
the most delicate or speed-sensitive 
manufacturing processes. Refer to 4A, 
figure 4, The reactor should preferably 
be normally short circuited by a high- 
speed circuit breaker controlled auto- 
matically by the transmission system 
voltage The circuit breaker should be 
opened only when the transmission sys- 
tem voltage, as measured on the trans- 
former side of the reactor, is below motor 
pullout values. 


Synchronous condensers offer a reli- 
able means for preventing objectionable 
motor-speed variations. Kinetic energy 
stored in condenser rotors is generally 
sufficient for supplying a load equal to the 
kilovolt-ampere rating of the condenser 
for one second or more before the fre- 
quency drops to a value detrimental to 
speed-sensitive processes. This would 
involve high-speed switching, the load 
and synchronous condenser being dis- 
connected from the main power source 
the instant the bus voltage dropped be- 
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low motor pullout values. When volt- 
age returned to normal on the main 
power source, the condenser would be — 
disconnected from the load a few cycles in 
advance of transferring the load back to 
the main power source The condenser 
would then be returned to normal opera- 
tion in the usual manner, preferably by — 
automatic means 

Figure 5 shows results when supplying — 
2,700 kw of load from a 2,000-kva syn- 
chronous condenser for 50 cycles, curve B 
representing the frequency supplied by 
the condenser. Motors driven from the 
synchronous condenser followed curve C 
which remained above curve A, the 
boundary of tolerable motor-speed varia- 
tions for unusually speed-sensitive manu- 
facturing processes. The condenser was 
disconnected from the load at B-1, a few 
cycles in advance of reconnecting the load 
to the main power source. Transfer of 
the load from the failing power source to 
the synchronous condenser and back 
again to the normal power source was ac- 
complished smoothly by automatic con- 
trol means. The voltage regulator con- 
trolling the condenser excitation pre- 
vented the bus voltage from dropping be- 
low 80 per cent normal which was well 
above the motor pullout value. 

The use of synchronous apparatus con- 
nected to circuits equipped for high-speed 
reclosure for reducing voltage and fre- 
quency disturbances during the interim 
the circuit is disconnected from the nor- 
mal power source is standard practice on 
the Georgia Power Company system. 
This practice is made possible through the 
inertia relay development which provides 
for positive isolation of the synchronous 
apparatus a few cycles in advance of re- 
connecting the circuit to its normal power 
source. The result gives the appearance 
of a short interval of reduced rather than 
apparent zero voltage. Best results are 
had by keeping the synchronous appara- 
tus connected to the load until some 10 to 
15 cycles prior to the restoration of the 
normal power source Reference to figure 
3 shows that by this practice a great deal 
of kinetic energy can be fed into the load 
from synchronous machines thereby re- 
ducing the severity of voltage disturbances. 
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ynopsis: Impulse and 60-cycle breakdown 
trength of sphere gaps, rod gaps, and of 
ples built up of solid and fluid dielectrics 
ereported. The tests were made in nitro- 
gen up to 200 pounds per square inch gauge 
ressure and in Freon up to 70 pounds per 
quare inch gauge pressure. Dielectric 
trength values were compared with the 
reakdown of transformer oil between the 

me electrodes. Gap conditions were found 
or which the 60 cycle breakdown was twice 
its impulse breakdown. 


ECENT interest in the dielectric 
strength of gases under pressure has 
been stimulated by the steadily increas- 
ing voltages used in power transmission 
as well as in X-ray and atomic physics 
work and by the shortcomings of atmos- 
pheric air and of oil insulation. Although 
scores of articles have been published on 
high pressure gas dielectrics during the 
last forty years, they contain practically 
no information on the impulse dielectric 
strength of gases at high pressure. This 
is a serious omission from the point of 
view of those interested in generating 
and distributing apparatus since the kind 


High-pressure electric test tank 


Figure 1. 
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and amount of insulation in these ap- 
paratus are influenced greatly by impulse 
strength. The theoretical background 


_Telated to the breakdown of gaps in gases 


is much too incomplete to permit the 
extrapolation of available data much be- 
yond the exact conditions under which the 
data were obtained. Therefore, numer- 
ous general as well as specific breakdown 
data must be accumulated in order to 
make the proper utilization of high pres- 
sure gases as dielectrics. 

This paper will present impulse and 60- 
cycle breakdown data between gaps in 
nitrogen up to 200 pounds pressure and 
in dichlorodifluoromethane (dichlorodi- 
fluoromethane, commercially known as 
“Freon” will be referred to in this paper 
as CCl.F:) up to 70 pounds gauge pres- 
sure. In each case, a comparison will be 
made with the breakdown of transformer 
oil at atmospheric pressure between the 
same gaps. 


Recent Work 


Several valuable contributions have 
been made to our fund of engineering 
knowledge of high pressure gas dielectrics 
during the last decade. Paschen’s law, 
which was looked upon by many as a 
basic law of the dielectric strength of gaps 
at different spacing and pressure, has 
been shown to diverge far from the data 
at pressures above about six atmos- 
pheres. This law states that the spark- 
over voltage of a uniform field gap in a 
gas is directly proportional to the product 
of the gap spacing and the absolute pres- 
sure. The breakdown of a fixed gap is 
lower than the breakdown predicted by 
Paschen’s law at pressures above 100 
pounds per square inch. In fact the 
data? indicate that for air tested be- 
tween spheres at a pressure of 600 
pounds per square inch the actual spark- 
over is 55 percent of that predicted from 
atmospheric pressure data by Paschen’s 
law. 

Some gases have been found* which 
have as much as three times the 60 cycle 
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dielectric strength of nitrogen when tested 
in a uniform field at atmospheric pres- 
sure, Notable among them are CCIjF 
with a dielectric strength of three times 
that of nitrogen and CCl.F, the gas com- 
mercially known as Freon and in common 
use in mechanical refrigerators, with a 
dielectric strength of 2.4 times that of 
nitrogen at atmospheric pressure, 

Most of the earlier dielectric strength 
tests were made at low pressure or small 
spacings. Recently d-c breakdown tests? 
on spheres have been made at pressures 
up to 600 pounds per square inch and 
450 kv breakdown. These data show also 
how slight roughnesses of the electrodes 
reduce the breakdown by as much as 50 
per cent at 600 pounds pressure. Other 
investigators’ made test in air and nitro- 
gen up to 1,700 pounds per square inch. 
They indicate that the rate of increase of 
dielectric strength of air with increasing 
pressure continues to decrease at least up 
to 1,700 pounds per square inch pressure. 
This and other work® indicate that al- 
though the dielectric strength of air and 
nitrogen are practically the same at at- 
mospheric pressure, the dielectric strength 
of nitrogen increases less rapidly than 
that of air with increased pressure, par- 
ticularly above 100 pounds per squareinch. 


Apparatus 


The experimental data presented in this 
paper were obtained by tests in the 
special pressure tank shown in figure 1. 
The pressure tank is four feet in diameter 
by seven feet high. Although it was 
tested hydrostatically up to 400 pounds 
per square inch pressure, it has not been 
used above 200 pounds gas pressure for 
safety reasons. It has three five-inch 
diameter sight windows made of discs of 
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Figure 2. 60-cycle and impulse breakdown 
between 6.25 centimeter spheres 


Curves A and B=CCl.F2, impulse and 60-cycle 
CurvesC and D = nitrogen, impulse and 60-cycle 
Curve E=oil,impulse at atmospheric pressure 
Curve F=oil, 60-cycle at atmospheric pressure 
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methyl-methacrylate and an 18 inch steel 


door. A single high voltage bushing 
was used to carry the voltage into the 
pressure tank. This bushing was of the 
oil-filled type with a porcelain shell. The 
bushing was the same size both inside and 
outside the tank so that it could be used at 
maximum voltage with atmospheric pres- 
sure in the tank. 

Two devices were used to adjust or 
change the electrodes inside the tank 
without opening the tank. One consisted 
of a screw which was operated by a shaft 
passing through the tank wall to a cali- 
brated hand wheel. The gap electrode 
was mounted on the end of the screw and 
could be spaced accurately from the out- 
side of the tank. The other consisted of 
a revolving platform installed in the bot- 
tom of the tank. The test samples which 
were made up of solid and gaseous di- 
electrics were good for only one break- 
down determination. As many as twelve 
of these solid dielectric samples were 
placed on the revolving platform. These 
samples were connected, one at a time, 
to the voltage source by turning the turn 
table in the proper position with a driving 
mechanism which ran through a packing 
gland in the tank wall. These mecha- 
nisms saved a large amount of time by 
avoiding the necessity of opening the 
tank after each test. 

Gases used were of a commercial grade 
obtained in high pressure tanks. The 
nitrogen was dried by passing it through 
a trap surrounded by liquid air. The 
CCl.F2 with high liquefying temperature 
was dried in columns of calcium chloride. 

The CCl,F, was drawn from the test 
tank through a compressor which recon- 
densed the gas into its liquid phase and 
pumped it into a high pressure storage 
tank for future use. 

The 60 cycle test voltage was supplied 
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by a 350 kv, 1,000 kva testing trans- 
former. The voltage was varied by con- 
trolling the field on the alternator con- 
nected to the testing transformer. The 
impulse voltage was supplied from a 500 
kv impulse generator. The impulse volt- 
age wave shape was checked and the 
breakdowns were observed with a cath- 
ode ray oscillograph connected across the 
test electrodes through a resistance di- 
vider. All impulse data presented herein 
were obtained with a 1!/.-40 microsecond 
impulse wave. 


Test Results 


Breakdown tests were made with the 
following three types of electrodes: 
1. 6.25 centimeter diameter brass spheres. 


2. Standard !/2 inch square brass rod gaps 
and 


3. Electrode arrangements which included 
solid dielectrics. 


The results of experiments made be- 
tween the 6.25 centimeter spheres are 
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Figure 4. 60-cycle and impulse breakdown 
between one-half-inch square rod gaps in 
nitrogen 

Curves A, B, and C=60-cycle breakdown 
Curves D and E=60-cycle corona starting 
voltage 

Curves F, G, and H=impulse breakdown 


summarized in figure 2. These data show 
the dielectric strength of nitrogen to in- 
crease as the 0.86 power of the ‘pressure 
instead of increasing as the first power of 
the pressure in accordance with Paschen’s 
law. The dielectric strength of CCleF; 
increases at a slightly smaller power of the 
absolute pressure than does the dielectric 
strength of nitrogen. 

These gas breakdown curves represent 
both the crest value of the 60 cycle break- 
down voltage and the crest value of the 
impulse voltage breakdown with a 11/,- 
40 microsecond voltage applied. The 60 
cycle tests were made by increasing the 
voltage at a rate such that the voltage 
increased from approximately half of 
breakdown voltage to breakdown in one 
minute. An elapsed time of one minute 
was allowed between successive voltage 
applications. The average of ten break- 
down determinations was used to estab- 
lish a single datum point. The maximum 
spread of individual values was rarely 
over five per cent for the 60 cycle tests. 

The impulse tests were made by apply- 
ing five impulses of the same voltage at 
five or more steps two per cent apart in 
voltage, above and below the breakdown 
voltage. The voltage was lowered in two 
per cent steps until none of the five im- 
pulses broke down the gap. The voltage 
was also raised in two per cent steps until 
each of the five impulses at a particular 
voltage broke down the gap. The statis- 
tical voltage at which half of the impulses 
resulted in breakdown was taken as the 
breakdown value of the gaps. The maxi- 
mum spread of individual values was with 


ELECTRICAL ENGINEERING 


y exceptions not greater than eight per 

nt of the breakdown value. 
Observations showed that the break- 
own of a gap was lower immediately 
er a breakdown. Therefore a pro- 
edure was followed such that a five 
inute interval elapsed between a flash- 
over and the succeeding impulse applica- 
tion. Only one-minute interval was used 
after a voltage application that did not 
esult in breakdown of the gap before 
nother impulse was applied. This spread 
in the impulse data was probably in- 
creased by the fact that there was no ef- 
rt to increase the free ion concentration 
within the tank by radioactive salts or 
an ultra-violet light source. 
Breakdown of 6.25 centimeter spheres 
spaced one centimeter apart in 10-C 
nsformer oil is plotted here for com- 
arison. The oil breakdown tests were 
ade at atmospheric pressure only. The 
transformer oil had a 60 cycle breakdown 
of 33 kv in a standard oi! test cup with 
0.1 inch gap spacing. The impulse 
strength of transformer oil with a 1'/,—40 
microsecond wave is slightly over two 
times its 60 cycle dielectric strength, 
while the impulse and 60 cycle break- 
down strength of spheres in the high pres- 
sure gases are the same. 


Rod-Gap Tests 


Requirements of commercial high volt- 
age apparatus other than the electrical 
insulation strength often dictate that the 
conductors adjacent to the insulation be 
made of some other shapes than spheres or 
curvatures of large radii. The standard 
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‘/, inch square rod gap was therefore 


chosen for test electrodes to characterize 
the more severe conditions of non-uni- 
form field encountered in high voltage 
apparatus. 

60 cycle and impulse breakdown tests 
were made on this !/. inch rod gap 
mounted in a vertical plane in the high 
pressure test tank, figure 1. Tests were 
made with both 60 cycle and 11/.-40 
microsecond impulse voltages in nitrogen 
and CCl,F, at various pressures and gap 
spacings. Figures 3 and 4 give the results 
of these tests. The corona starting volt- 
age shown on figures 3 and 4 was taken 
by means of a cathode ray oscillograph 
which received its voltage from a high 
frequency amplifier placed across a shunt 
in series with the test gap 

The 60 cycle breakdown of the rod gaps 


Relative Dielectric Strength of Solid and Fluid Dielectric Arrangements in Trans- 


former Oil and in Gases Under Pressure 
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Figure 5. 60-cycle and impulse breakdown 

between one-half-inch square rod gaps spaced 

six centimeters in nitrogen, CCI.F,, and trans- 
former oil 


Curve A=impulse breakdown in oil 

Curve B=60-cycle breakdown in oil 
Curve C=60-cycle breakdown in nitrogen 
Curve D=impulse breakdown in nitrogen 
Curve E=60-cycle breakdown in CCloFs 
Curve F=impulse breakdown in CCloFs 


does not steadily increase with pressure. 
Figures 3 and 4 show how the breakdown 
voltage increases with pressure up to a 
critical pressure and then decreases with 
further increase in pressure until the 
breakdown of the gap is only slightly 
above the corona starting voltage of the 
gap. This critical pressure in the case of 
nitrogen is about 100 pounds per square 
inch gauge, while for CCl.F, the critical 
pressure is only a few pounds above at- 
mospheric pressure. The critical pres- 
sures are lower than those found by other 
investigators!* on tests with point-plain 
electrodes. Goldman and Wul found 
the critical pressure for nitrogen to be 
about 150 pounds per square inch as com- 
pared with 100 pounds as shown in this 
report. 

The impulse breakdown of rod gaps in 
nitrogen and CCl,F, under pressure has 
only a remote resemblance to the 60 
cycle breakdown curves. The impulse 
breakdown for rod gaps in nitrogen spaced 
at six and ten centimeters has a negative 
slope between 70 and 120 pounds per 
square inch, while the impulse breakdown 
of rod gaps in CCl:F, increases steadily 
with increasing pressure. Figure 5 gives 
the impulse and 60 cycle breakdown of rod 
gaps spaced six centimeters apart in 
CCILF., nitrogen, and in transformer oil. 
The 60 cycle breakdown of CChF2 is 
about 2.2 times the impulse breakdown at 


Transactions — 1019 


atmospheric pressure. It is very unusual 
to have a condition where the impulse 
breakdown of a gap is less than the 60 
cycle breakdown. For example, the im- 
pulse breakdown with a 1!/,-40 micro- 
second wave for a rod gap in air at 
atmospheric pressure is about 1.8 times 
the 60 cycle breakdown. 

The fact that the impulse breakdown is 
greater than the 60 cycle breakdown for 
rod gaps in air has been explained on the 
basis of time lag before the gap is ionized 
in such a manner as to make it highly con- 
ducting. The condition in CChF, gas 
where the 60 cycle breakdown greatly 
exceeds the impulse breakdown should 
be worthy of additional study. The 
reason for this unusual increase in the 60 
cycle breakdown is not clear. There is 
evidence that the space charge in the gap 
is responsible for this unusually high 
breakdown. 


Solid-Fluid Dielectric Combinations 


Five different arrangements of solid and 
fluid dielectrics were tested for break- 
down when immersed in 10-C oil, nitro- 
gen, or CClpF). Schematic arrangements 
of the dielectrics and a comparison of 
voltage breakdowns are made in table I. 
Extreme care was taken in preparing the 
samples for these tests to see that the oil 
samples were completely impregnated and 
free from bubbles and that the gas-filled 
samples were thoroughly vacuum-dried 
and kept dry until they were tested. All 
of these dielectric arrangements have very 
non-homogeneous fields, The dielectric 
constants of the paper, pressboard, and 
porcelain used in these tests are all two 
or more times as large as the dielectric 
constant of transformer oil. Therefore, 
where the oil and solid insulation are in 
series, the oil must stand a dispropor- 
tionately large part of the voltage stress. 
Since the dielectric constant of the com- 
pressed gases is substantially unity as 
compared with 2.2 for that of transformer 
oil, the voltage across the gas dielectric 
in series with solid insulation is considera- 
bly more than the voltage across the oil 
if it were made to replace the gas. This 
condition alone puts the gas dielectric to 
a considerable handicap when used in se- 
ries with solid dielectrics. 

It may be seen from table I that in 
general these combinations of solid and 
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Figure 6. Vapor-pressure temperature curve 


of CCI.F, 


fluid dielectrics had higher dielectric 
strengths in transformer oil than they did 
in nitrogen at 200 pounds per square inch 
pressure or CClF. at 70 pounds per 
square inch pressure. 


Temperature Effects 


High voltage apparatus filled with com- 
pressed gases may be subjected to a wide 
range of temperature either by virtue of 
their ambient conditions or by the heat 
liberated within them. 

This change in temperature will change 
the dielectric strength of the gaseous di- 
electric in different ways according to the 
manner in which the gas is supplied to the 
vessel, The following are generalizations 
based upon theoretical considerations and 
checked experimentally for CCLF», be- 
tween spheres. 


(a). If gas were supplied in a manner such 
that a constant gas pressure was maintained, 
the dielectric strength of the gas would 
change inversely as the absolute tempera- 
ture. 


(b). If the total quantity of gas in the sys- 
tem is unchanged, the dielectric strength of 
the gas should remain unchanged with 
change in temperature. This follows from 
the fact that the dielectric strength of a gas 
is proportional to its density. 


(c). If the gas is in a closed system similar 
to condition (b) but the gasis saturated and 
an excess of liquefied gas is present in the 
system, the gas pressure will change with 
temperature according to the vapor pressure 
of the gas at the particular temperature. 
The dielectric strength of the gas will 
change in such a system nearly the same as 
the vapor pressure of the gas. Vapor pres- 
sure of CClF, is shown in figure 6. It is 
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obvious that such a system has much greater | 
change in dielectric strength of the gas with 
change in temperature than do the systems 
(a) and (0). 


Summary 


/ 
1. The impulse and the 60 cycle crest 
breakdown strength of nitrogen are sub- 
stantially the same when tested between 
spheres at less than radius spacing; the im- 
pulse and 60 cycle crest breakdown strength 
of CCl.F, are likewise the same. Nitrogen 
at 175 pounds per square inch absolute pres- 
sure, CCl,F, at 62 pounds pressure and 10-C 
transformer oil at atmospheric pressure 
break down at the same impulse voltage 
when tested between 6.25 centimeter 
spheres spaced at one centimeter. Under 
the same conditions the 60 cycle breakdown 
voltages of the three fluids are the same with 
nitrogen at 80 pounds absolute pressure, 
CC1LF, at 25 pounds absolute pressure, and 
10-C oil at atmospheric pressure. 


2. The fact that there is a condition where 
the 60 cycle breakdown of a rod gap in 
CCI1.F, is over two times the impulse break- 
down of the same gap under the same condi- 
tion is disturbing to the orthodox theory 
surrounding the electrical behavior of spark 
gaps in gases. 

The 60 cycle breakdown between rod gaps 
is substantially higher in nitrogen above 60 
pounds per square inch absolute or in CCl. F2 
above atmospheric pressure than in trans- 
former oil. On the contrary, the impulse 
breakdown between rod gaps is considerably 
lower in nitrogen under 215 pounds per 
square inch absolute pressure and CCl.F2 
below 85 pounds per square inch absolute 
pressure than in transformer oil. 


3. The breakdown strength of solid insula-— 
tions tested in nitrogen at 215 pounds per 
square inch absolute pressure and in CCl.F2 
at 85 pounds per square inch absolute pres- 
sure as compared to its breakdown in trans- 
former oil indicates that with but one ex- 
ception the tests made in transformer oil 
showed higher strength than when made in 
the gases at the above pressures. 
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Synopsis: The increasing spread of distri- 
_ systems in which fault protection is 
fforded by fuses has resulted in long outages 
d high maintenance costs. Excellent co- 
rdination is possible with modern fuses, but 
their inability to differentiate between a 
permanent and a temporary fault results in 
frequent outages and costly service trips. 
A new automatically reclosing circuit 
breaker with pronounced inverse time cur- 
rent tripping characteristics makes possible 
an improved radial distribution system in 
which outage and maintenance are reduced 
to a minimum. The effectiveness of co- 
ordination is increased to a point where an 
outage is confined to the immediate neigh- 
borhood of a permanent fault. Service trips 
are no longer necessary unless there is a 
permanent fault condition to be removed 
from the system. 


Extended Distribution Systems 
Require New Type of Protective 
Equipment 


N recent years there has been a large in- 
crease in the number of distribution sys- 
tems having long lines and small loads 
scattered over considerable territory. 
Such systems represent an increase in the 


Figure 1. Single-pole automatically reclosing 
circuit breaker 
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use and application of electricity as well as 
affording users the benefits and conven- 
iences of a reliable source of power, The 
continued extension and successful opera- 
tion of these systems depends upon a low 
initial cost and a low maintenance cost. 

The use of expensive lines and conven- 
tional apparatus for fault protection 
would result in low maintenance costs, but 
the installation cost could not be justified. 
Inexpensive lines with simple fuse protec- 
tion for faults provide a low installation 
cost but result in high maintenance cost 
and unsatisfactory service. A high per- 
centage of the maintenance cost of these 
extended systems is chargeable to the 
servicing required by faults. More than 
80% of all faults are temporary and will 
not prevent the immediate restoration of 
service, so the elimination of service trips 
on such faults will materially reduce 
maintenance costs. The successful exten- 
sion of such systems, therefore, depends 
upon the low installed cost of a device that 
will interrupt all faults and then restore 
service after all temporary faults. 

The fault currents on these systems are 
relatively low and of such a value that 
distribution cutouts are used for sectional- 
izing, even to the use of five or more cut- 
outs in series. The excellent coordination 
possible with modern fuses permits defi- 
nite restriction of outages to the immedi- 
ate neighborhood of a fault. On such sys- 
tems, outages are of long duration and 
their restriction to limited areas greatly 
increases the quality of service. There- 
fore, a further requirement for a device to 
provide fault protection on such systems 
is its adaptability to an extensive coordi- 
nation scheme. This will be accomplished 
if the device has a time current character- 
istic approximating that of modern fuses. 

The necessarily inexpensive construc- 
tion used on these systems, together with 
their length and exposure, has multiplied 
the number of faults to the point where 
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simple fuses are inadequate for sectional- 
izing duty. Repeating fuses reduce the 
necessity for immediate service trips but 
require a periodic servicing and may not 
differentiate between a permanent and a 
temporary fault due to their short reclos- 
ing time. Close coordination is not de- 
pendable with repeating fuses, for a fuse is 
a thermal device and the heat stored in a 
protected fuse may result in its melting 
upon repeated operations of the fuse pro- 
tecting it. It is seen, therefore, that an 
additional requirement is a time current 
characteristic which is not affected by re- 
peated operations of the preceding protec- 
tive device. 

Since only a limited interrupting ca- 
pacity is required, it is possible to make an 
inexpensive automatically reclosing oil 
circuit breaker to fulfill all of the require- 
ments for operation on extended distribu- 
tion systems. The requirements are: 


1. Adequate interrupting ability. 


2. Automatic reclosing to permit restora- 
tion of service after a temporary fault. 


3. Pronounced inverse time current char- 
acteristic to permit close coordination on an 
extensive system. 


4. Consistent time delay on tripping which 
is not affected by previous circuit conditions. 


5. Reliable operation and low oil deteriora- 
tion to reduce service trips to a minimum. 


6. Low cost and a light weight to reduce 
the total installed cost to a minimum. 


Figure 2. Interrupter and operating mechanism 
assembly withdrawn from porcelain tank 
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Indicating handle, oil gauge, and 


Figure 3. 
operation counter grouped under protecting 


hood 


7. Complete self protection in that no over- 
load current (within the interrupting rating) 
or surge voltage shall damage the device. 


From the application viewpoint the 
most important of these requirements is 
the inverse time current characteristic. 
The coordination possible with a breaker 
having the proper time characteristic 
greatly increases the scope of its applica- 
tion and makes possible the economical 
extension of low capacity distribution 
lines. 


Construction and Operation of 
New Breaker 


All of the above application require- 
ments are fulfilled by the single pole auto. 
matically reclosing circuit breaker shown 
infigure 1. In addition, it has many other 
inherent features such as trip free closing; 
immediate manual reclosing after lockout; 
lockout on first interruption when manu- 
ally reclosed against a fault; and multi- 
tap coil to permit ready change in rating. 
The interrupting chamber and all operat- 
ing parts are easily removed in one unit as 
shown in figure 2. The indicating handle, 
oil gauge, and operation counter are 
grouped under an integral protecting 
hood, as shown in figure 3. 

Figure 4 is a cross sectional view show- 
ing all principal elements of the breaker. 
The breaker is normally biased closed by 
the contact pressure springs, except dur- 
ing lockout. This differs from more con- 
ventional breakers in that, on tripping, 
the contacts are forced apart against 
spring pressure instead of being opened by 
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Figure 4. Sectional view of 
breaker with side view of 
lockout trip 
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accelerating springs. The energy required 
to operate the breaker is obtained from a 
series coil. The small size of coil used to 
operate the breaker and continuously 
carry overload currents just below the 
minimum tripping current is made possi- 
ble by using an efficient type of inter- 
rupter that requires only a short travel. 
Wide separation of the contacts on lock- 
out is obtained by releasing a spring that 
opens the breaker in the conventional 
manner and is reset, on closing, by means 
of the handle. Additional energy to inter- 
rupt heavier currents is obtained from the 
interrupter itself after the initial separa- 
tion of the contacts. 

Referring to figure 4, the armature 
when actuated by an overcurrent through 
the series coil moves upward and forces 
the entrapped oil from the timing dash- 
pot. This action provides the inverse 
time characteristic on tripping. The 
shape of the time current curve is a func- 
tion of dashpot size and port area to- 
gether with the magnetic circuit and 
other factors. After a predetermined 
travel, the dashpot is opened, permitting 
the free armature to drive the moving 
contact open against the contact pressure 
springs. The moving contact opens 
rapidly for a short distance and then picks 
up the orifice piston which forces oil into 
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the are path resulting in interruption at 


the end of the first half cycle after the 
orifice piston starts to travel. On high 
currents the pressure developed within 
the interrupter will produce an additional 
driving force on the plunger thereby 


forcing oil into the are path under a pres- 


sure proportional to the value of current 
being interrupted. The moving contact 
is free to move upward through the arma- 
ture thus permitting overtravel on high 
current interruptions. The moving con- 
tact is prevented from reclosing at once 
by the delay latch which is not released 
until the armature again reaches its start- 
ing position. This results in a reclosing 
time of approximately five seconds. The 
time interval before reclosing permits the 
escape of gas from the top of the inter- 
rupter and entrance of fresh oil into the 
bottom. This flushing takes place 
through washer type valves that close in- 
stantly upon the appearance of pressure 
during interruption. 

There is provided a simple, three step 
lockout trip which is notched up by the 
travel of the armature during each inter- 
ruption. On the third interruption it 
breaks the toggle that holds the trip free 
mechanism in the closed position, thereby 
permitting the contacts to be driven to 
the extreme open position. The manual 
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Figure 5. Interruption of 1,120 amperes at 
13,800 volts 


Note the increased overtravel at high currents 
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Figure 6. Interruption of 106 amperes at 


7,200 volts 


The 
Tram libedil > Se il 


return of the indicating handle to the 
slosed position will reset this toggle and 
the lockout trip and permit the breaker to 


‘lose after the usual time delay. The 
ockout trip will be reset only to its second 
osition from which it will lock out the 
yreaker if there is a further interruption. 
f{ the fault has been removed from the 
ine, the lockout trip will slowly reset to 
provide three step lockout on subsequent 
aults. 

The series coil is made up of four sepa- 
ate windings. By connecting these wind- 
ngs in series, series-parallel, and parallel 
t is possible to obtain the six ratings 
rom two coils, one coil furnishing the 5, 
0, and 20 ampere ratings and the other 
oil furnishing the 15, 30, and 60 ampere 
atings. To prevent damage to the coil 
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Figure 8 (right). 
Tripping-time current 
characteristics of 
new breaker 


Note similarity to 
fuse link and relay 
curve 
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Figure 7. Three in- 
terruptions and lock- 
out, 476 amperes at 

7,200 volts 


Note the travel ofthe 
contacts to the full 
open position after 
final interruption. 
(Portionsoffilmshow- 
ing breaker open 
between reclosures 
have been de- 
leted from the origi- 
nal eight-foot film) 


from transient voltages, a suitable arrester 
is connected directly across its terminals. 


Interruption and Lockout Tests 


Repeated interrupting tests at both 
high and low currents on extremely fast 
circuits have demonstrated the high 
efficiency and low oil deterioration of the 
breaker. Indications are that the breaker 
can be in service many years before an oil 
change is required. The interrupting 
ability of the breaker is determined by the 
short-time current rating of the series coil 
rather than by any limitations in the 
interrupter. Figure 5 shows an oscillo- 
gram of a single interruption of 1,120 
amperes at 13,800 volts. Figure 6 shows 
a single interruption of 106 amperes at 
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7,200 volts. Compare the travel record 
and note the additional travel of the con- 
tacts on the higher current interruption. 
Figure 7 shows three interruptions and 
lockout on 476 amperes at 7,200 volts. 
Note the tripping time, the reclosing time, 
and the travel of the contacts to the ex- 
treme open position after lockout. 


Co-ordination Characteristics 


The important attribute of this breaker 
is the time current characteristic. More 
time delay on tripping allows more time 
for coordination and therefore permits 
closer coordination between adjacent rat- 
ings. Consequently, as great a time delay 
as possible has been incorporated in this 
breaker particularly at the lower values of 
current just above the minimum tripping 
current. Since the different ratings are 
obtained by varying the number of turns 
on the the curves will be 
parallel and identical in shape with only a 
Figure 8 shows 


series coil 


shift in the current axis. 
the time current characteristics for the six 
ratings of 5, 10, 15, 20, 30, and 60 am- 
peres. The time values have been ob- 
tained from oscillographic records of in- 
terrupting tests. Sufficient time delay 
has been provided so that all of these 
ratings can be coordinated in series. The 
possibility of coordination between these 
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breakers and fuses is further demonstrated 
by superimposing a 20 ampere fuse curve 
upon the breaker curves. The fuse curve 
is for a 20 ampere universal fuse link as 
used in distribution cutouts and is a 
representative curve for such links. 

The coordination of these breakers with 
each other is relatively simple. There 
are, however, three possible applications 
in coordinating the breaker with fuses. 
(1). A fuse can be selected such that it will 
be completely protected by the breaker, 
that is, the breaker will operate three times 


and lockout without melting the fuse. 
This would bearatherinfrequent application. 


(2). The fuse can be used to completely 
protect the breaker, that is, the fuse would 
clear the circuit without a single operation 
of the breaker. This arrangement might be 
used with transformer protective links. 


(3). The fuse can be selected so that the 
breaker will clear the circuit once to permit 
the fault to clear, and then on the second 
operation, if the fault persists, the fuse will 
blow due to the stored heat remaining in it 
from the first operation. On the second re- 
closure the breaker will remain closed and 
the fault will be isolated by the fuse. In 
this arrangement the fuse would be the 
outermost protective device in the sec- 
tionalizing scheme. 

The shape of the time current curve 
further suggests the coordination of the 
breaker with relays. The relay curve 
shown in figure 7 is for a standard over- 
current relay of the moving disk type. 
By adjusting it to the proper lever setting 
and proper current ratio, it is possible to 
have the relay curve very close to that of 
the breaker. With the setting shown, the 
breaker will consistently protect the relay 
and thus prevent tripping an entire sub- 
station. The time delay between opera- 
tions of the reclosing breaker is sufficient 
to allow the relay disk to return to its 
starting point, so the coordination will be 
the same for each operation. With re- 
closing fuses, a much larger margin be- 
tween the fuse curve and the relay curve 
would be necessary due to the short re- 
closing time. Here the relay disk would 
not return to its original position and there 
would be cumulative turning of the disk 
and consequent operation of the relay. 

A further advantage of this breaker for 
fault protection on low capacity systems 
lies in the economies offered by the use of 
simple gaps for lightning protection. On 
this type of system a temporary outage is 
not serious and, with the coordination 
afforded by these breakers, such an outage 
due to lightning is confined to a small area 
and is removed upon the first reclosure. 


Conclusions 


An automatically reclosing circuit 
breaker meeting all of the requirements 
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Short Circuits in Synchronous- 
Machine Arrmatures 


R. A. GALBRAITH 
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Synopsis: An approximate solution is ob- 
tained for the current in a short-circuited 
coil or group of coils in the armature of a 
synchronous machine operating under load. 
The solution is expressed as the sum of a 
series of harmonics whose terms are in 
geometric ratio. The results obtained are 
similar in form to those previously obtained 
for the short circuit of a complete phase 
winding, and they reduce to that for the 
single-phase short circuit in the limiting 
case when the coil group comprises a com- 
plete phase. An experimental check of the 
theory is given for the case of a short cir- 
cuit of a single armature coil, and it is 
shown that close agreement is obtained be- 
tween theory and test with respect to the 
fundamental component of current, though 
not with respect to the small higher har- 
monics of current. 


OLUTIONS for single-phase and 

three-phase short circuits of syn- 
chronous machines have been obtained by 
several authors, those of Park! and of 
Doherty and Nickle* being notable. 
These analyses, however, have considered 
only complete phase windings, and it is 
the purpose of this paper to extend the 
theory to treat short circuits of a single 
armature coil or group of coils. The solu- 
tion obtained is applicable to machines 
operating under load, the effect of the 
load currents being obtained by an ap- 
proximation that is sufficiently accurate 
for practical purposes. 

As one coil or a group of coils is essen- 
tially a single phase, the analysis is similar 
in form to that of Doherty and Nickle for 
the single-phase short circuit. Following 
their procedure, a general expression is ob- 
tained for the magnetic flux linkages of 
armature and field windings. The con- 
stant-linkage theorem, which states that 
the magnetic flux linkages in any closed 


electric circuit are constant if the resist- 
ance is neglected, is applied to determine ~ 
the initial currents when the short circuit 

occurs. From physical considerations, 

these currents are then separated into 
their sustained and transient components, 

and the proper decrement factors are ap- 

plied to the latter. 


Assumptions 


For simplification, this analysis is ap- 
plied to an ideal synchronous machine.? 
In such a machine, linear relationships 
exist between magnetic flux and currents 
in any part of the machine, so that the 
principle of superposition applies. The 
phase windings are identical and sym- 
metrically placed about the armature, and 
there are only two field circuits, the main 
field winding in the direct axis and a 
short-circuited winding in the quadrature 
axis, both of which are symmetrical about 
their respective axes. Only fundamental 
harmonics of magnetomotive force and 
voltage appear in the phase windings. 

In addition to the assumption regarding 
the ideal machine, other simplifications 
are made. The resistances of the group 
of short-circuited armature coils and of 
the field circuits are neglected in deter- 
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for use on extended distribution systems 
has been developed and proven by re- 
peated tests. A particularly important 
aspect of this breaker is the pronounced 
time delay on tripping that permits co- 
ordination of several breakers in series 
and coordination of the breakers with 
standard fuses of comparable ratings. 
The coordination possible with this 
breaker greatly increases the scope of its 
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application and permits the economical 
extension of low capacity distribution sys- 
tems with improved quality of service. 
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mining initial currents in these windings 
but are taken into account in obtaining 
approximate values for the decrement fac- 
tors. It is also assumed that the effect of 
the relatively large load resistance is to 
attenuate the unidirectional and even 
harmonics of induced current in the load 
circuit so quickly that these transient ele- 
ments may be entirely neglected. 
The solution is further simplified by 
aking the assumption that, owing to the 
small mutual inductance between the 
phases and the coil group, the load cur- 
nts are unaffected by the short circuit. 
The value of short-circuit current ob- 
ined under this assumption is regarded 
the first approximation to the correct 
result. The effect of this current upon the 
load currents is then determined, and if 
the latter are changed an appreciable 
amount, the analysis is repeated, assum- 
ing that the load currents change by this 
amount. The second approximation is 
usually sufficiently accurate for all prac- 
tical purposes, making further refinement 
unnecessary. 


Analytical Development 


Since the theorem of superposition is 
applicable to the ideal synchronous ma- 
chine, the extension of Blondel’s two-re- 
action method developed by Doherty and 
Nickle’ is applied in appendix I to obtain 
expressions for the inductances of the 
field and armature circuits. Without loss 
of generality, the armature winding of 
which the short-circuited coils are a part 
is designated as phase A, and the angle 
between the axis of the coil group and 
that of phase A is 8. Equations are then 
developed for the self and mutual induct- 
ances for the coil group, and it is found 
that these inductances may be conven- 
iently expressed as functions of known de- 
sign constants of the machine and the 
conventional inductances per phase. 

Following the procedure that has been 
outlined, the inductance equations are 
used in appendix II to obtain the arma- 
ture and field linkages of the machine. 
It is found that the results may be con- 
veniently expressed in terms of the cur- 
rents ig and 7, defined by 


ig=ig Cos 0+%y cos (@—120°)+ 
4, cos (@—240°) (1) 


ig=ig sin 6+%p sin (@— 120°) + 
i, sin (0—240°) (2) 
The linkages in the short-circuited coil 
sroup are then 
=K,{ (?/s)Laia+ Mala} cos (0-8) + 
K;{ (2/s)Lgig+ MgIq} sin (@—8)+ 
{ Lsp cos? (@—8)+Lse sin? (@— 8) x 
(ts = tq) (3) 
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where i, is the short-circuit current in the 
coil group. Expressions for the induct- 
ances and for the constant K, are given 
in appendix I, The corresponding field 


linkages are 

¥p= Matat+ KsMa(is—ig) cos (0—B)+Lala 
(4) 

¥q= Motg+ KsMq(is—ig) sin (0—8) +LIq 
(5) 


These linkage equations will be used to 
obtain the solutions for the initial cur- 
rents after the short circuit. 

In conformity with the usual practice 
in the literature, the equations that follow 
are expressed in terms of reactances in- 
stead of inductances. The reactance cor- 
responding to any inductance is the prod- 
uct of the latter and w, where w=2rzf, f 
being the rated frequency of the machine. 
Thus Xgp'=wL gp’. 


SOLUTION FOR CURRENTS 


When the short circuit occurs, spon- 
taneous unidirectional components of cur- 
rent appear in the coil group and the field 
circuit tending to sustain the linkages at 
their initial value. The voltages that sup- 
port these transient currents are generated 
through the collapse of the magnetic 
fields existing at the instant of short cir- 
cuit. 

As the machine rotates, the transient 
unidirectional current in the field induces 
a transient fundamental component of 
current in the coils, and this in turn causes 
a second harmonic in the field. This ‘‘re- 
flection” from field to coils and back 
again gives rise to a series of even har- 
monics in the field and a series of odd 
harmonics in the coils, all of which are 
proportional to the average induced field 
current and all of which decay at the 
rate determined by the field decrement 
factor o,. Similarly the transient uni- 
directional current in the short-circuited 
coils causes a series of even harmonics in 
the coils and a series of odd harmonics 
in the field that decay to zero according 
to the decrement factor of the coil group, 
Cs. 

The rotating magnetic field due to the 
average field current supported by exciter 
voltage causes fundamental and higher 
harmonics of sustained current to appear 
in the short-circuited coils and also causes 
a series of even harmonics in the field. 

Owing to the relatively large resistance 
of the load the transient unidirectional 
and even harmonics of current in- 
duced in the phases by the short circuit 
will be damped out very quickly and may 
be neglected. Because of the small 
mutual inductance between the coil group 
and the phases, only the fundamental of 
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the induced odd harmonics that also ap- 
pear is of appreciable magnitude. This 
component, being due to the fundamental 


_ of the short-circuit current in the faulty 


coils and the transient element of the 
average field current, will have a sustained 
and a transient value. The latter decays 
according to the field decrement factor. 
Neglecting the small harmonics, therefore, 
the induced load current can be repre- 
sented by a sustained and a transient 
fundamental component. These must be 
added to the load current existing before 
the short circuit to get the total phase 
currents. The corresponding currents ty 
and 4,, defined by equations 1 and 2, will 
then have the form 


tg=t at (tao—taje (6) 
tq =igt (ig—tg)e— V (7) 


where igo and i are the initial values be- 
fore the short-circuit and ig, and 7, are 
the final sustained values. Approximate 
expressions for 7g, and 7, are given in 
equations 19 and 20. ; 


First Approximation to Short-Circuit 
Current. Following the procedure previ- 
ously outlined, the first approximation to 
the short-circuit current is obtained by 
assuming that the load currents are un- 
changed. When the constant-linkage 
theorem is applied, it is shown in appendix 
Ili that if the short circuit occurs at 
6= 0, the initial current in the coil group 
is 


ty =tgtt' +1" (8) 
The components i’ and 7” are 
‘ —2egp 
i! = ——____————- {cos (0-8) + 
Xgp'+V Xgp'X sq’ 
B cos 3(0— 8) +B? cos 5(0—8)+...... } 
PPI Soup eh 
B sin 3(0—8)+B? sin 5(@—8)+...... } (9) 
y ¢8D COS (Go— 8) esq sin (G0— 8) 
1 ————— x 
VX sv'X so! 
{1+2B cos 2(@—8)+2B?X 
cos 4(@—8)+...... } (10) 
where 
egn=Ks{(2/s)Xaiao+Xmalao} (11) 
and 
esq= Kal (2/s)X gigo} (12) 


are the direct and quadrature components 
of the voltage in the coil group prior to 
the short circuit, and 


pv Ss0'=V Xan! 
(aN Tee EAL X ai! 


is a constant. 


(13) 
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By the assumption made, 7, is un- 
changed, so that the additional current 
that is due to the short circuit is repre- 
sented by the components 7’ and 7”. The 
latter contains the d-c and even harmonics 
that arise to maintain the linkages at their 
initial value; therefore it is transient in 
character and decays to zero at the rate 
determined by o,. The other component, 
4’, contains the odd harmonics and is pro- 
portional to the average field current. 

As shown in appendix III, the average 
field current just after the short circuit 
occurs is 


Ta(average) = Gol qo (14) 


where Go is a constant defined by equation 
60. Since the average sustained field 
current is Ig, it is 1/Gp times as great as 
the initial value. The sustained value of 
1’, therefore, is 1/Go times as great as the 
initial value expressed in equation 9. The 
remaining portion (1—1/Gp)1’, is a tran- 
sient and decays according to oy The 
first approximation to the short-circuit 
current in the coil group is therefore 


4 5 1 + 1 bye Oe 
B=tatot +(1-2): e~ st+4"e—°** (15) 


The effect of the change in load currents 
being small, it will be found that this ex- 
pression gives results that do not differ 
greatly from those obtained by the more 
accurate expression, equation 21. 

The additional current introduced in 
the coil group by the short circuit is 
(t,—1,), and for the reasons previously 
mentioned, its fundamental component is 
the only one that has appreciable effect 
upon the load currents. From equations 
9 and 15, the sustained value of 


(ts—1q) (fundamental) =I, cos (@—B— a), 
(16) 
where 


h= a ————— Me 
Go ean een cg! 


esq 27]}/2 
Hep AEN Cea 
and 


ay tan!) (sj V Xap! Xeno! | 
sD NEP SSD 
(18) 


Taking approximate account of the effect 
of this current, it is shown in appendix IV 
that the sustained values of ig and 4, cor- 
responding to equations 6 and 7 are 


3 page 
la=— : a 
a STL mal aot 
eet feel De eg 
a a aS iy = 1S 
brea ee eee 
(19) 
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Ae pe ee og A Sa IG 
Utes Saree 1 COL es) 


= I. 
f 7 e sXq5sin ay 


(20) 


The corresponding expressions for 10 
and i, are obtained from those for iq, and 
ig by putting 11=0. 

Second Approximation to Short-Circutt 
Current. The next step in the solution 
for the short-circuit currents is to assume 
that ig and i, have average values given 
by equations 6 and 7. Following the same 
procedure as before, the linkages of the 
coil group and the field cireuits may be 
obtained and solved for the initial cur- 
rents in the coil group and the field wind- 
ing. Separated into its sustained and. 
transient components and with the proper 
decrements applied, the second approxi- 
mation to the short-circuit current in the 
coil group is 


ha eae Be 
> {iar cos 0+-441 sin 0} = 
pe ee 
Gi Fee BV Darra 
{cos (@—8)+B cos 3(@—8)+...}+ 
2{esg—Ks(?/s)Xq'(igo—in) } 
PO CEN apie, 
B sin 3(0—8)+B? sin 5(0—8)+ .. 3 | 


e- °F (2/3) { (igo—ias)cos 0+ (ige— igi) sind} — 


sin (@—B)+ 


load current (2/3) {ig cos 0 tig sin 6}. 
The other component is the sum of two 
odd harmonic series whose terms, in as- 
cending order, are in geometric ratio. 
The ratio, B, is given in equation 13. 

The expression for the short circuit cur- 
rent of the group of coils is similar in 
form to that given by Doherty and 
Nickle‘ for the single phase short circuit 
and their discussion of the effects of the 
machine constants upon the form of the 
solution applies equally well here. In the 
limiting case when the coil group com- 
prises a complete phase, the solution for 
the condition of no load is exactly the 
same as theirs. 


DECREMENT FACTORS 


Expressions for the decrement factors 
may be obtained by the approximate 
method used by Doherty and Nickle,* 
which they have discussed fully. It is 
then found that the decrement factor for 
the coil group is 

wr s 
oo 
Ny ieee sq’ 
where 7, is the resistance of the shorted 
coils, and that for the field is 


(23) 


> Aap V Xav'Xg0' Ra 


- ——— (24) 
Xg p+ he PES Fe: La 


Ok 


Gy 


Ea {esp cos (@0.— 8) +egq sin (80— 8) } 

e%s ae 
Ne! 

{1+2B cos 2(@— 8) +2B? cos 4(@—B)+.. ey 

(21) 


x 


where 
. Xgpt+ Vere 
Xsp + Wiknned 
E Meas Xq') (tao —ta1) 
NG ay 


r r , 
x sp—Xgp 


Gy 


x 


a 


2X gtai | 
Se (22) 
X¢g pt Wr ceeene 3X mal ao 


The solution for the coil current for the 
case of short circuit at no load is obtained 
by letting 740 = 1,0 =%a, =t,1 = 0 in equation 
21. This is equivalent to making esg=0 
and @sp=K,X malao- 

Because of the relatively small mutual 
inductance between the coil group and 
the phase and field circuits (¢go—7,,), 
(to —%,,), and (G;—1) are ordinarily small. 
Therefore it is usually possible to neglect 
the terms involving e~?/ when making 
calculations using equation 21. For the 
sake of completeness, however, they have 
been included, 

One component of the sustained short- 
circuit current is equal to the sustained 
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eof {(Gi-Lesp—K s(?/s)Xa' (iao—ia) | cos (0— 8) + 
= { (Gi-—esa—Ks(2/)Xq'(igo—ig:) + sin (0@—8) |+ 
(/2)(X gp +X sq’) + (1/2) (X sp’ —X gq’) cos 2(6— 8) 


when R, is the total resistance of the 
field circuit. 


Experimental Confirmation of 
Theoretical Results 


To verify the theory, experimental 
measurements were made of the short- 
circuit current in a single coil of a 125- 
horsepower, 440-volt, 60-cycle, 900-rpm, 
three-phase, synchronous motor. This 
machine had a full-pitch armature wind- 
ing, no amortisseur on the rotor, and was 
a specially built laboratory machine with 
the leads to the armature coils brought 
out to a terminal board, making each coil 
accessible for measurements. The meas- 
ured values of the reactances and resist- 
ances of the machine are given in table I. 


Table I. Measured Reactances* and Resist- 
ances of Test Machine 

NM A= 1.520 ohms X p= 1.050 ohms 

eG 0.4450hm Xp’/= 0.266 ohm 


Xq=Xq'=1.205 ohms 


X0=0.237 ohm 
Xmd= 37.3 ohms 
ra=0.048 ohm at 25 C (line to neutral) 
Ra=23.5 ohms at 25 C 


XQ=XQ’=0.970 ohm 


* Measured by static test method. 
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| ing the equations that have been de- 
oped, it is found that for a single arma- 
e coil of the machine, 


= 0.0434 
=Xs9=Xs9'=0.0126 ohm 
‘sp’ =0.01109 ohm 


The short-circuit current was measured 
by taking the voltage drop across a 
J.000243-ohm, non-inductive shunt in 
eries with the coil. The wave form of the 
current was obtained from an oscillogram 
of this voltage, and the magnitudes of the 
stained harmonic components were 
measured with a vacuum-tube harmonic 
analyzer. 

The coil used in the test was in the cen- 
ter of phase A, so that 8=0. The current 
was calculated analytically and checked 
experimentally for short circuits occurring 
under two different operating conditions, 
me when the machine was loaded, and 
one at no load. Both tests were made at 
reduced voltage to eliminate the effect of 
saturation as far as possible. 

_ For the short circuit under load, the 
machine was operating with a pure resis- 
tive load of 2.45 ohms per phase and a 
field current of 0.992 ampere. The short 
circuit occurred at 6)=215°. The calcu- 
lated current for the short-circuited coil 
was 


1s = — 164.0 cos (@—17.28°) —5.13X 
cos (38—23.16°)—O0.161K . 
cos (58—23.16°)—. . . —e~9-0133" 4 80x 
cos (6+19.85°)+0.116 
cos (88+13.38°)+ . . .] —e79-1987*(163.3+ 
10.27 cos 28+0.324 cos 496+ ...| 


where 215°<@ and wi=(8—4,) in radians. 
In table II the magnitudes of the har- 
monies of the calculated sustained current 
are compared with the actual values as 
measured with a harmonic analyzer. 

The short-circuit at no load occurred 
at 0)=180° and the field current was 
0.988 ampere. The calculated current is 


i. = — 185.5 cos @— 5.85 cos 386—0.184 X 
COsSDU— 24: . 


— e— 0.1987! (191 5412.06 cos 26+0.38X 
cos 44+ ...] 


where 180° <6 and wt= (9—6p) in radians. 
The magnitude of the sustained harmonics 
of the calculated and measured currents 
are compared in table IT. 

Considering only the fundamental com- 
ponents of sustained current, the data in 
table Il show that the calculated and 
measured values agree very closely. The 
unalytical and experimental results for the 
uigher harmonics, however, do not agree. 
This is probably due in large part to the 
‘act that the higher harmonics of mutual 
inkages between the coil and the other 
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Table Il. Comparisons of Peak Values* of 
Harmonics of Sustained Current in a Single 
Coil 
a a al, ee 

Fundamental Third Fifth 
Machine loaded 
Calculated....... UGS. On ee On coven nis 0,161 
Measured....... LOSS eae 20) De aetee 6.69 
No load 
Calculated....... RRO; 0. wena DLSbeeee, OT S4 
Measured....... LOO PG sale oe 80.85......8,49 


* All values are given in amperes. 


machine circuits were neglected in the 
analysis. While the voltages due to higher 
harmonics of flux are ordinarily small in 
the complete phase due to the effects of 
fractional pitch and distributed windings, 
they may be much more important in one 
or two coils. To neglect these harmonics 
of flux, therefore, may introduce consider- 
able error in the higher harmonics of cur- 
rent in the short-circuited coils. As they 
have little effect on the fundamental volt- 
age, however, they may be disregarded in 
determining the fundamental component 
of current. 

Oscillograms were made of the short- 


circuit current, and these were compared 


with a graphical plot of the calculated cur- 
rent. The agreement between the calcu- 
lated and test results was fairly good, both 
during the transient period and after the 
transient components had died out. The 
effect of the larger values of the harmonics 
in the actual current was noticeable, how- 
ever, the actual waves being slightly more 
peaked than those which were calculated. 

Had the test machine been operated at 
higher flux densities, the effect of satura- 
tion would probably have been noticeable. 
As pointed out by Doherty and Nickle, 
this would not prevent the use of the re- 
sults of the theoretical analysis, as the ef- 
fect of saturation may be taken into ac- 
count by proper shading of the machine 
constants. 


Appendix | 


Inductance Equations 


Expressions for the inductances of the 
field and armature circuits may be obtained 
by application of the extension of Blondel’s 
method previously mentioned. With the 
assumptions that have been made, only the 
fundamental component of magnetomotive 
force need be considered in obtaining the 
mutual linkages due to any machine circuit. 
The procedure is to resolve this space sinu- 
soid into two components, one in the direct 
axis and one in the quadrature axis, deter- 
mine the corresponding fundamental link- 
ages due to each component acting sepa- 
rately, and combine these linkages to get 
the resultant. The fundamental linkages in 
any other circuit of the machine per unit 
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current in the exciting circuit areequal tothe 
mutual inductance between the two. That 
portion that is due to the space fundamental 
of air gap flux is the inductance of armature 
reaction, and the remainder, which is due to 
flux in the slots and end windings, is leakage 
inductance, 


SPLF-INDUCTANCE OF ARMATURE REACTION 
OF A COMPLETE PHASE WINDING 


Let the flux density per unit magneto- 
motive force at the armature surface be 
represented by the even harmonics series*® 


P=Po+P: cos 2\+P4 cos 44+... (25) 
The fundamental component of the linkages 
with the complete phase A winding of the 
air-gap flux due to the fundamental com- 
ponent of magnetomotive force of phase A 
may be expressed as 


Vaa=ta{ Lap cos* 6+L aq sin? 0} (26) 
where 
Lap=3.2DU(yN,KaKp)?{ Pot C/2)P2} (27) 


L 4q=3.2DI(yN-K aK p)?{ Po— (1/2) P2} (28) 


are the static inductances of armature re- 
action for one phase. 


Murvat INDUCTANCES BETWEEN CoIL 
GRoUP AND PHASE AND FIELD WINDINGS 


If the space fundamental of magneto- 
motive force for the coil group is considered, 
it may easily be shown that the linkages of 
armature reaction in phase A due to the cur- 
rent in the coil group are 


vas=isK{Lap cos (@— 8) cos 6+L4gX 


sin (@—8) sin 0} (29) 
where 
ore (30) 
pyKa 


and s is the number of coils in the group, y 
the slots per phase per pole, p the number of 
poles, Kq the phase belt distribution factor, 
and Kg; the distribution factor for the s 
coils; that is, sKgs is the ratio of the funda- 
mental of magnetomotive force for the coil 
group to that for a single coil. The corre- 
sponding linkages in phase B are obtained by 
replacing cos @ and sin @ by cos (@—120°) 
and sin (@—120°) respectively, and those 
for phase C may be obtained by using 
(9—240°) instead of (@—120°). The link- 
ages per unit current in these expressions 
are equal to the mutual inductances of arma- 
ture reaction between the phase windings 
and the coil group. The corresponding 
mutual leakage linkages will have the same 
form except that, being independent of rotor 
position, they will be the same for direct 
and quadrature axes. These mutual leak- 
age inductances are K;l; cos B, IRCA Grae 
cos (8 —120°), and K;2Lyp, cos (8 —240°) for 
phases A, B, and C respectively. Adding 
these components to those due to armature 
reaction, it is found that the mutual induct- 
ance between the coil group and phase A is 


Las = Ks{L pcos (6@— 8) cos6+LeX 


sin (@— 8) sin 6} (31) 


The corresponding expression for the mutual 
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inductance between the coil group and phase 

Bis 

Lys=Ks{ (Lp—L») cos(@— 8) cos (@— 120°) + 
(Lg—Lo) sin (@—8) sin (@—120°)} (32) 


and that for phase C is similar to equation 
82 with (@—240°) instead of (@—120°). 

The procedure followed in the preceding 
paragraph may be used to obtain the mutual 
inductances between the coil group and the 
field windings. These inductances are then 
found to be 


Msg=K;Myq cos (@—B) 
Msg=KsM, sin (0—8) 


It should be noted that all of the mutual 
inductances for the coil group are expressed 
as the product of the constant A, and the 
inductances of the machine per phase. 


(33) 
(34) 


SELF INDUCTANCE OF A Cort GrRouP 


Although space harmonics of magneto- 
motive force cannot appear in the complete 
phase winding of an ideal machine, they 
must be considered in obtaining an expres- 
sion for the self inductance of a coil group. 
In the work that follows, therefore, the com- 
plete magnetomotive force of the coil group 
will be considered. 

As the inductance of a coil group is a 
function of the self and mutual inductances 
for the individual coils in the group, the 
first step in this analysis will be to develop 
an expression for the self inductance of a 
single coil. The next step will be to obtain 
a general expression for the mutual induct- 
ance between two coils. These self and 
mutual inductances may then be combined 
to obtain the total self inductance of the 
coil group. 

Assuming that the current 7; in a single 
coil of N, turns is distributed in a line at 
the armature surface and that the iron has 
infinite permeability, the magnetomotive 
force distribution of the coil over the coil 
span p is a square-topped wave of magnitude 


A\= (1—p/pr) (0.42 Nts) (35) 


If the relation between the flux density and 
magnetomotive force is expressed by equa- 
tion 25, the linkages, with the coil, of the 
air-gap flux due to this magnetomotive force 
may be shown to be 


¥ss=[(b—p/m) {1?/8(byK aK p)?} |X 
{(p/2m)(Lapt+L ag) +(1/m) X 
(Lan—L aq) sin p cos 2(0—B)} 


when the small higher harmonics are neg- 
lected. 

Since the path of the leakage flux in the 
slots and end windings is practically the 
same for a single coil and a complete phase 
and since there are 1/py as many turns for 
the single coil as for the phase winding, the 
ratio of the leakage linkages for the coil to 
those for the phase is approximately 1/(py)?. 
As indicated by equations 26 and 36 this is 
much smaller than the corresponding ratio 
for the linkages due to air-gap flux. The 
leakage component is, therefore, only a 
small percentage of the total linkages of the 
coil. Since 2Ly,, is also very small in com- 
parison to (!/2)(Lan+JL 4a), the assumption 
will be made that the total linkages of the 
coil can be expressed in a form similar to 
equation 36 with 


(1/3) (Lp+Le) — Lo= (*/2)(Lant+L sq) +2Lim 


(36) 
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substituted for (1/2)(Lap+Lag). Although 
this assumption may introduce considerable 
error in the leakage linkages added, it will 
make only a small discrepancy in the total 
linkages, and the equation may be put ina 
much more convenient form for calculation. 
The total self inductance of a single coil is 
then 


Depp O asp) cos? (@—B)+Lse sin? (@— 8B) (37) 


where 


Lsp=[(p—p/m){x?/8(pyK aK p)*} |X 
[ (p/m) { (1/2) (Lyp+La) ae Lo} + 
(1/m)(Lp—Lg) sin p] (38) 


Lsq=|(b—e/m){x*/8(pyKaKp)*} 1X 
[ (p/m) { (1/2)(Lp+Le) —Lo} = 
(1/r)(Lp—Lg) sin p] (39) 
The magnetomotive force distribution of 
the single coil over the armature outside the 
coil span will be a square-topped wave of 
magnitude 


Ao=—(p/pr) (0.42 Nets) (40) 


Using equations 27 and 28 and making the 
same assumptions regarding leakage link- 
ages that were made in deriving equation 37, 
it may be shown that the mutual inductance 
between two coils separated a small angle 
A is approximately 


Lins= { (b— p/m) (2/8) /(pyK aK p)*} X 


[ {o/m—pA/(pr—p)}{ A/2)(Lp+Le)—Lo}+ - 


(1/r) cos A sin (o— A) X { (Lp—Lg) 
cos 2(@—8)}] (41) 


The total self inductance of a group of 
coils may be obtained from the relationship 


DLs = Lyi + Lo2.+L33+ sine 55 

2(Lrt+ListLos+ ...) (42) 
where Ly, Lo, . . . are the self inductances 
of each coil given by equation 37 and Ly, 
Iy3,... are the mutual inductances between 
coils 1 and 2, 1 and 8, etc., as given by equta- 
tion 41. It is apparent that the total self 
inductances of the coil group can be put in 
the form of equation 37 if Lsyp and Lgg are 
given the proper values. Equation 37, 
therefore, is a general expression for the 
total self inductance of a group of armature 
coils whether the group consists of one, two, 
or more coils. 


TRANSIENT INDUCTANCES 
The transient inductances Lsp’ and Lye’ 


are defined by 


Lgp' =Lgp—K;5*(M@?/La) (43) 


Lgq’ =Lsq—K3?(M,?/Ly) (44) 
The inductances Lg’, Ly’, Lp’, and Lg’ cor- 
respond to the transient reactances Xq’, 
Xq', Xp’, and XQ’ as ordinarily defined in 
the literature. 


Appendix Il 


Linkage and Voltage Equations 


The armature and field linkages for an 
ideal synchronous machine under normal 
conditions have been given by Park.1:2 Fol- 
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lowing his analysis, it may be shown that if 
va=(?/s)(Lat+L)tat+ Mala (45) 
vq=(?/s)(Lg+L)tgt+ Mgtg (46) 


then the following voltage equations may be 
obtained: 


d i) 2p. : 
sre Alien “ 
dy eeends ao 

yy tMeqyn 3% “I 


where ¢ is the combined resistance of one 
phase of the machine and load. 

* When the machine contains another cir-— 
cuit of a group of short-circuited coils, the 
linkage equations must be modified to in- — 
clude the effect of the additional current in 
the faulty coils. This may be done by mak- 
ing use of the expressions for the mutual — 
inductances between the coil group and the 
phase and field windings. 

It is convenient to consider the magneto- 
motive force of the portion of the phase A 
winding that is outside the faulty coils as 
the difference between that due to a current 
iq in the complete phase winding and that 
due to the coil group carrying the same cur- 
rent iz. Similarly, the linkages in this por- 
tion of the phase A winding due to other cur- 
rents may be obtained by subtracting the 
linkages in the faulty coils from those in the 
complete phase. 

When the inductance equations developed 
in appendix I are used, the modified forms 
of equations 45 and 46 become 


va=(?/s)(LatL)tat+KsL p(ts—ta) X 


cos (0—6)+Mala (49) 
Y= (7/2) (LotL)tg+K sLo(ts—ta) x 
sin (@—8)+M,I, (50) 


It may then be shown that, to a close ap- 
proximation, the voltage equations 47 and 
48 are applicable to the short-circuited ma- 
chine when yg and y, have the values given 
in equations 49 and 50. 


Appendix Ill 


Short-Circuit Currents Assuming 
Load Currents Constant 


At the instant of short circuit, 6=6o, 
ta=1ao, Ig=%qo, Ta=Lao, and Ig=0.  Apply- 
ing the constant linkage theorem, the link- 
ages in the coil group and the field windings 
are 


K5{(2/s)Laiat+ Mala} cos (@—8)+ 
Kg{ (2/s)Lgigt MgI,} sin (0—6)+ 
{Lsp cos? (@—8)+Lgqg sin? (0— 6) } (is—i,) 
=K5{(?/s)Laia+Mala} cos (@—8)+ 
Ks{(2/s)Leigo} sin (60—8) 


(51) 

Matat+KsMa(is—ig) cos (@—8)+LgIg= 
MatatLalay (52) 
MgigtKslis—ig) sin (6—8)+LIg=0 (53) 


In accordance with the method of analysis 
that has been outlined, the first approxima- 
tion to the solution is obtained by assuming 
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hat da=to and i,=%g) remain constant. 
‘hen a simultaneous solution of equations 
1, 52, and 53 gives 


esp{ cos (%—8)— cos (@—g)}+ 
ésa{ sin (—8)— sin (@—8)} 

(*/2)(X gv’ +X gq/)+ 
(*/2)(X gp’ — X gq’) cos 2(8— 8) 
(S54) 


ig—tq) = 


Xsp—Xsgp' 
la=Tay— SD SD ,. 


where esp and egg are defined by equations 
ll and 12. These may also be expressed as 
(is—tq) =i’+7" (56) 
a=Iq'+Iq" (57) 


here 7’ and 7” are given by equations 9 
and 10 and Jg’ and J,” are 


Xsp—Xgp' esp 
Oa na apie Saniitae" 
| €sp(1—B)? 
| {cos 2(@—s)+ 
2V Xgp'Xg0' 
€sq(1— B*) x 
2V Xgp'XsQ' 
{sin 2(@—8)+B sin 4(@—8)+ .. 4] (58) 


_ (Xsp—Xsp')(1+B) 
EN Xen X no! 
esq sin (4—8)}[cos (@—8)+ 


- Boos 4(@—g)+ ...}+ 


a 


a {espcos (8:—8)+ 


Bcos3(@—8)+...] (59) 
The average field current is 
Iq(average) =Jgg+ 
Xsp—Xsp’ €sD 
KsX ma ie wie ee on 
= Golan (60) 


where Gp is the value of G,; obtained from 
equation 22 by setting ig: =7gp. 

The component of field current, Zz”, con- 
tains the odd harmonics and is due to the 
unidirectional component and even har- 
monics of the current (i;—%,) to which it is 
directly proportional. It therefore decays 
to zero according to the decrement factor os. 

The current Jz’, containing the unidirec- 
tional component and even harmonics, must 
have an average sustained value Jg since 
it is supported entirely by the exciter volt- 
age. Its sustained value is therefore 
(1/Go)ig’. The remainder (1—1/Go)Jq’, is 
transient in character and, being propor- 
tional to the average field current, decays at 
a rate fixed by oy. 

Separated into sustained and transient 
components and with the decrement factors 
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cya ce Sara 


applied, the field current at any instant 
after the short circuit is 


Ta=(1/Go)Ia’ + (1—-1/Go)Iq’e~ +1 q"e~ 7s! 
(61) 


Appendix IV 


Short-Circuit Currents Assuming 
Change in Load Currents 


A second approximation to the solution 
for the short-circuit current is obtained by 
assuming that zg and i, have average values 
given by equations 6 and 7. It will first 
be necessary, however, to develop expres- 
sions for the currents ig, and ign. 

The currents ig; and ig; may be obtained 
by use of the voltage equations given in 
appendix II. Considering only average 
values, dyq/dt=dy,/dt=0. The average 
value of (7s —ig) cos (@— 8) is (1/2), cos a1 and 
that of (is—%,) sin (@—8) is (1/2)J, sin ay, 
where J; and a; are defined by equations 
17 and 18. Likewise, the average value of 
Iq is Ig and the average of J;=0. Then 
from equations 47, 48, 49, and 50, 


(?/s)(Xq +X y)ig+ C/2)KsX oh sin ay+ 
(?/s)rta=0 (62) 


(7/3) (Xg+X z)iat (1/2) KsX phi cos a1— 


(?/s)rim=—Xmalao (63) 


These may be solved simultaneously to ob- 
tain the currents iq, and ij. The results 
are given in equations 19 and 20. 

With currents 7g and 7, given by equations 
6 and 7, the linkage equations for the short- 
circuited coils and field windings may be ob- 
tained. Following the same procedure as 
before, these may be solved for the initial 
currents. When the short-circuit current is 
separated into its sustained and transient 
components and the proper decrements are 
applied, the second approximation to the 
solution is that given by equation 21. 


Nomenclature 


1g 1p, 7,=currents in phases A, B, and C 

t;= current in short-circuited coil group 

Ig=current in main field winding 

I,=current in field winding in quadrature 
axis 

Ka, Kp=distribution and pitch factors for 
armature phase winding 

Kgs=distribution factor for the group of 
s coils as discussed following equation 30 

K;=(sKas/pyKa) is a constant 

Lp, Lg=total static inductances, single 
phase, in the direct and quadrature axes, 
respectively. These correspond to the 
commonly used reactances, Xp and XQ 

La, Lg=total three phase, line to neutral 
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inductances in the direct and quadrature 
axes corresponding to the synchronous re- 
actances Xq and X, 

Lo= (Li—2L jm) =zero sequence inductance 
corresponding to Xo 

Ly, Lim=self and mutual leakage induct- 
ances per phase 

Lgp, Lgq=inductances of coil group in the 
direct and quadrature axes. See ap- 
pendix I 

L=load inductance per phase corresponding - 
to Xy, 

Mg=maximum mutual inductance per 
phase between quadrature axis field wind- 
ing and armature 

Mag=maximum mutual inductance per 
phase between main field and armature 

s=number of coils in short-circuited coils 

Xq, Xq, Xa’, Xq'=usual three phase, line 
to neutral, synchronous and transient re- 
actances for the direct and quadrature 
axes 

Xma=oMg 

Xp, XQ, Xp’ XQ’,=usual static single 
phase and transient reactances in the di- 
rect and quadrature axes 

X gp, X gq =treactances corresponding to Lgp, 
Lsq 

X,=wL=reactance of load per phase 

B=angular displacement, in electrical radi- 
ans, of the axis of the group of s short- 
circuited coils from that of phase A 

p=coil pitch in electrical radians 

6=angular displacement of direct axis from 
that of phase A, measured in electrical 
radians 

oy=decrement factor of main field, defined 
by equation 23 

og=decrement factor of short-circuited 
coils, defined by equation 24 
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Transient Overspeeding of Induction 
Motors 


RAYMOND W. AGER 


ASSOCIATE AIEE 


Synopsis: A transient swing above syn- 
ehronous speed has been observed when a 
certain standard squirrel cage induction 
motor was started without load. This paper 
presents an explanation of the phenomenon 
based on the frequency modulation of the 
power supply caused by the rapid variation 
of the power taken from the line. Mathe- 
matical relations are developed and applied 
to the operating conditions of this motor. 
The agreement of the mathematical and 
test curves indicates that the explanation is 
basically correct although some secondary 
effects, not considered, may be present. 


TRUE induction motor cannot, of it- 

self, operate at or above synchro- 

nous speed. The torque developed by this 

type of motor passes through zero at syn- 

ehronous speed. It should, therefore, 

never be able to send the motor above that 

speed. Yet, in making some acceleration 

tests, a certain motor was consistently 

found to go above synchronous speed for a 
few cycles each time it was started. 

This motor was from a standard line of 
squirrel cage induction motors. It had a 
east aluminum rotor with deep, narrow 
slots. There were no salient-pole struc- 
tures on the rotor, and, further, the rotor 
bars were skewed so that there was no 
tendency for the rotor to lock into syn- 
chronism. After the motor was up to speed 
and had settled down, the slip at no load 
became constant at less than 0.1 per cent. 

The tests in which this behavior was 
observed were similar to those described 
in a previous paper.1 A bakelite disc 
having 500 divisions accurately en- 
graved around the periphery was 
mounted on the motor shaft. This disc 
was illuminated by light pulses from a 
stroboscopic lamp flashing 60 times per 
second, and the disc’s position was photo- 
graphically recorded at each flash. The 
motor was reversed on the line and read- 
ings were taken as the motor speed 
dropped from full speed in one direction 
to zero and then came back up to full 
speed in the opposite direction. Velocities 
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National Park, August 27-29, 1941. Manuscript 
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were calculated by taking position differ- 
ences, and accelerations were calculated 
by taking velocity differences. Since the 
friction forces were very small the entire 
torque of the motor was used in producing 
accelerations. The accelerations observed 
were converted to torques and plotted 
against speed in figure 1. Figure 2 shows 
a section of the velocity versus time curve 
for the same test. In this test the motor 
was operated at rated voltage. Due to the 
high torques developed and the low in- 
ertia of the rotor, the motor dropped from 
full speed in one direction to zero and re- 
turned to full speed in the opposite direc- 
tion in a little over one-half second. 

The curve of figure 2 shows that the 
motor passed through synchronous speed 
about 35.5 cycles after the test was 
started, and that it rose almost two per 
cent above synchronous speed on the first 
over-swing. A second over-swing was re- 
corded and a third one indicated. Refer- 
ence to the torque curve of figure 1 shows 
that the torque developed was practically 
equal to full-load torque as the motor 
passed through synchronous speed the 
first time. 

The reason for this peculiar behavior 
was first qualitatively described as fol- 
lows. The input to the motor had both 
power and lagging components. The 
power input to the motor was approxi- 
mately proportional to the torque de- 
veloped. The curve of figure 1 would in- 
dicate that during the first part of the test 
the power input was relatively constant. 
After passing the maximum torque at 
about 85% of synchronous speed the 
power taken from the lines dropped very 
rapidly. The lagging component of the 
line current, however, certainly did not 
vary in the same way. A more gradual 


Figure 1. Speed- 
torque curve for a 
15-horsepower four- 


| 
change of this component would be ex-— 
pected. The power component would re-_ 
verse if the motor changed from motor to d 
generator action. Such reversal would — 
not occur in the magnetizing component. 
From full load to no load the lagging com- 
ponent should be nearly constant and 
therefore cause constant IR and IX | 
drops. Since it is the rapid variation of 
these impedance drops which is important 
and not their magnitudes the effects of 
the lagging component may be neglected. 
The power was supplied from a trans- 
former bank connected to a 4,000 volt 
system. The bank had an appreciable re- 
actance. Neglecting the resistance of the 
bank and the lagging component of the 
motor current, the vector diagram would 
be as indicated in figure 3. In this dia- 
gram , represents the transformer — 
primary voltage vector which may be 
taken as constant in magnitude and ro- 
tating at a constant velocity w;. HE, is the 
motor-voltage vector and JX is the re- 
actance drop in the transformer due to the 
power component of the motor current. 
As long as the power component is con- 
stant the vector &, must rotate at the 
same speed as the vector £;, although 
lagging behind it. If the power compo- 
nent decreases the impedance drop must 
decrease and the vector EK, must catch up 
with vector F;. Therefore during this 
transient period the vector must rotate at 
a velocity ws greater than that correspond- 
ing to the normal line frequency. With a 
frequency greater than 60 cycles im- 
pressed on the motor terminals, even if 
only for a few cycles, the motor may at- 
tain a speed greater than the 60 cycle 
synchronous speed if very lightly loaded, 


A more quantitative analysis following 
the above ideas has indicated that this 
reasoning is correct. The motor on which 
the tests were made is no longer available 
and accurate measurements of its con- 
stants had not been made. Approximate 
values of some of these constants had 
been determined and the others may be 
estimated accurately enough for present 
purposes. All values used are thought to 
be within 3% of the correct values except 


pole  squirrel-cage 
motor 


PERCENT FULL LOAD TORQUE. 


Curve was deter- 
mined under tran- 
sient conditions for 
rapid acceleration -100 


under no load 
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Figure 2. Section of velocity-versus-time 
curve for same test as figure 1 


the full load slip. The full load slip was 
not determined but the motor manufac- 
turer was consulted before assigning the 


value used. 


Near synchronous speed the torque de- 
veloped is proportional to the slip, and 
this torque will all be used in accelerating 
the rotor if the friction forces are negli- 
gible. 

WR? dw 

x r (1) 
Where S is the slip and w is the angular ve- 
locity of the rotor in radians per second. 
The full load torque of the motor was 45 
pound-feet, and the full load slip was 
about 2.0 per cent. Therefore the con- 
stant K, was 45/0.020 or 2,250. The in- 
ertia of the rotor, coupling, and disc was 
4.0 pound-feet-squared. 


= IG RNS 


From figure 3 
se (2) 
ne ae 


The line frequency was 60 cycles per 
second so that #,=2760=377. Equation 
2 is on a 2-pole basis while equation 1 is 
for a general p-pole machine. Comnvert- 
ing equation 1 to the 2-pole basis it be- 
comes 

,_2Ki ._ 4WR? do’ 
ppg di 
The slip which must be used in these rela- 
tions depends upon the angular velocity of 
the rotor and the frequency applied to 
the motor terminals, and is not the ap- 
parent slip based on the nominal line fre- 
quency. Therefore 


(3) 


/ 


chet al (4) 
2 
From this 
ra 
———— (5) 
ey 


Combining (2) and (5) 


w! da 
ee Ok (6) 
PS pedi 
But @ is a function of the slip. In the 
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I 
Figure 3. Approxi- 
mate vector diagram used 
in explaining motor behavior E, 


region of interest where the slip is small 
the lagging component of motor current is 
nearly constant while the power compo- 
nent is directly proportional to the slip. 
The angle a therefore varies directly with 
the slip in this region. 


a=KS (7) 


The reactance which must be used in com- 
puting a@ is not just the transformer and 
lead reactance. The motor reactance 
must be included in this total and will 
usually be the largest item. For full load 
the reactance drop was estimated to be 
20% of E;. The angle a was therefore 
11.5° or 0.20 radian for 2% slip, and the 
constant K» equal to 10. 
Combining equations 6 and 7 


Sy eS) 
w = S)( Koy =| (8) 


This value of w’ 


equation 3 giving 


may be substituted in 


2KiS _4WR? d (1-5) ‘- dS (0 
Pale ed Na at 
Differentiating after multiplying fy eee 
: 4WR? 
Kipg S 
S=(1—S){ —K 
SWR?> | ( =) 
dS\( dS 
—K,—}(—) (10 
(~ GN) — 
Rearranging and dividing by K2 
@S fw, dS \dS 
Sage nt ( 2 dt ig 2} 
eee sO" (11) 
2K,WR? 


Since the slip is very small in the region of 
interest the term (1—.S) is nearly equal to 
Ww 


1. Also the t ( : *) is not very 
. o the term ( ——— ) 
: K, dt 


2 


wy dS 
different from —. In figure 2, —hasa 
Ke dt 


value of about 1.8 as the motor passes 
through synchronism the first time. The 
tests were made on a 60 cycle supply so 


that a =37.7. Making these approxima- 


tions, equation 11 becomes 
LST eae 
2K,WR? 


@S ow, dS 
dt? Ke dt 


(12) 
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The roots of this equation are 


(13) 


aay wy? = Kipg 
2K 4K,* 2K,WR? 
Substituting the numerical values corre- 
sponding to the tests in this equation 


= —18,.84+4/355—3,622 


= (—18.8+757.2)(—18.8—757.2) (14) 


By choosing zero time as the first time 
the motor passes through synchronous 
speed or zero slip, and further making the 
slopes of the two curves the same at this 
point, the slip equation becomes 


S=—0.0315e-!8™ sin 57.2¢ (15) 


This is a damped oscillation having a 
frequency of 9.1 cycles per second. The 
frequency of the damped oscillation shown 
in figure 2 is about 10 cycles per second. 
The damping is nearly the same in the two 
cases. A plot of equation 15 is shown in 
figure 4. The test curve of figure 2 is re- 
plotted for comparison. Negative values 
of slip have been plotted above the axis 
and the ordinate scaled in terms of syn- 
chronous speed so that the curve will 
appear the same as figure 2. The dis- 
crepancies between the test results and 
equation 15 are due to several causes. 
First the determination of the constants 
of the motor were not as accurate as de- 
sired. Second the setting up and solution 
of the differential equation involved ap- 
proximations. Third the motor was 
changing speed so rapidly that one might 
expect that the functions K, and Kg, 
called constants, might not be strictly con- 
stant, and their numerical values under 
these transient conditions might be dif- 
ferent from values determined by steady 
state tests. 

Equation 13 indicates that oscillations 
will be present when the quantity under 
the radical is negative. This condition 
exists when 


Bue ee (16) 
WR? ~ 2¢ 
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PERCENT SYNCHRONOUS SPEED. 


CYCLES 


Figure 4 
(a) 100 (1—5)=100+3.15€—"™ sin 57.2t 
(b) Experimental curve shown in figure 2 
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A Cathode-Ray Method of Wave 
Analysis 


VINCENT O. JOHNSON 


ASSOCIATE AIEE 


Synopsis: Complex periodic functions, when 
transformed into a corresponding voltage 
wave, may be analyzed with the use of a 
cathode ray oscillograph. The complex 
wave is represented upon the fluorescent 
screen of the cathode ray tube by a vertical 
displacement at the same time that a 
sinusoidal horizontal oscillation exists. If 
the frequency of the sinusoidal oscillation 
bears an integral relation to the fundamental 
frequency of the complex wave, a Lissajous 
figure is viewed on the screen. The areas of 
these Lissajous figures are directly related 
to the coefficients of the Fourier series of 
the complex wave. The area is determined 
by measuring a photograph of the figure 
using a polar planimeter. The method is 
based on the theory developed by Mr. 
L. W. Chubb in connection with the Chubb 
Polar Analyzer. Advantages of the method 
are that it is quick and convenient, only 
standard laboratory equipment is necessary, 
and with special equipment, it promises to 
make possible the analysis of ultrahigh 
frequency waves. 


ERIODIC waves, such as the vibra- 

tion of mechanical bodies or the varia- 
tion of current and voltage in electric 
circuits, are often complex. In electric 
circuits, sinusoidally varying functions 
usually give the most satisfactory opera- 
tion. Calculations are much easier, 
values may be expressed graphically in 
vector diagrams, and vector equations 
may be used. The same is true of me- 
chanical vibration. Hence, in order to 
bandle complex waves conveniently, it is 
desirable that they be separated into their 
sinusoidal components. It is the pur- 
pose of this paper to describe and explain 


a new method of wave analysis using a 
cathode ray oscillograph. The underly- 
ing theory is not new, but the method is 
thought to be faster and the results more 
complete than other methods of wave 
analysis using ordinary laboratory equip- 
ment. It is hoped that this method will 
prove useful in other laboratories. 


Application of Lissajous Figures to 
Wave Analysis 


The electron beam in a cathode ray 
tube is deflected by electrostatic forces. 
If the beam be deflected in one direction 
by an alternating voltage, and at the 
same time by another voltage in a direc- 
tion at right angles to the first, the result- 
ing position of the beam at any instant 
of time is a function of both voltages. 
If one frequency is an even multiple of the 
other, the resulting pattern upon the 
screen is a Lissajous figure. 

In order to begin a study of Lissajous 
figures, a simple Lissajous figure is shown 
in figure 1. The two functions to be 
compounded are f(@)=A; sin 0, and 
g(@)=A2 sin (6+a). The Lissajous figure 
is an ellipse with a maximum vertical 
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dimension of 24 and a maximum hori- — 
zontal dimension of 2A;. If a=0, the 
ellipse becomes a single straight line; 
if «=90°, one axis of the ellipse will be 
vertical and equal to 2A», and the other 
axis will be horizontal and equal to 2A1; 
if a=90° and A1= Az, the Lissajous figure © 
becomes a circle. More complex Lissa- 
jous figures are obtained if either or both 
functions are complex. In this case the 
fundamental frequencies of the functions — 
must be the same or bear an integral 
ratio to each other. 

The Fourier series for a complex func- 
tion may be expressed as follows: 


f(0) =Ao+C, sin (0+61) + Cy sin 2(6+62) + 
.. Cy Sin WO+6,,) 4 ees 


where @ is a function of time equal to 
Qrft. However, due to the difficulty of 
using the harmonics in their various phase 
positions, each harmonic is usually re- 
solved into two quadrature components 
thus: 


f(0) =Ao+Ai sin 6+ B, cos 6+ A; sin 20+ B.X 
cos 20+... +A, sin nO+B, cos n+... 
(2) 


As a result, wherever complex periodic 
waves are encountered they are usually 
resolved into their harmonic components 
in order to permit a simpler mathematical 
treatment. The process of harmonic 
analysis, then, reduces merely to a prob- 
lem of evaluating the coefficients Ao, Ai, 
By, etc., in the above series. This can be 
done in a great number of ways. 
Experiments have been conducted in 
the laboratories of the A. & M. College 
of Texas using a low voltage cathode ray 
oscillograph for wave analysis. The com- 
plex wave is applied to the horizontal 
plates which give the cathode beam a 
vertical displacement. This pair of 
plates will be referred to hereafter as the 
horizontal plates, and the other pair of 
plates as the vertical plates. Ordinarily 


For KA, and K, may be substituted their 
values in terms of full-load torque, slip, 
and angular phase shift. 


Tap wr” 
WRS?” 2¢ 


(17) 


This relation indicates that overspeed- 
ing may be reduced by increasing the WR? 
of amachine. Large machines have large 
values of WR*® but also produce large 
torques. The inertia constant usually in- 
creases more rapidly than the torque, as 
the machine size is increased, so that these 
larger motors should show less tendency 
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to over speed. The most important fac- 
tor is the full-load slip since it occurs in 
the function as a squared term. Motors 
with low full-load slip should have much 
greater tendencies to overspeed than 
high-slip motors. Operation at reduced 
voltage would decrease this tendency by 
changing the relation between the torque, 
slip, and angle. 

Various acceleration methods have been 
considered as a means of determining the 
speed-torque curves of induction motors. 
The above analysis indicates that precau- 
tions must be taken to avoid conditions 
similar to those found in these tests if ac- 
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curate results are to be obtained. How- 
ever the errors involved are appreciable 
only near synchronous speed where the 
frequency change represents a large per- 
centage of the rotor frequency. Where 
acceleration methods are used to deter- 
mine only the low-speed part of the curve, 
errors due to this frequency modulation 
should not be important. 
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he vertical plates receive a saw-tooth 
shaped voltage wave, which produces a 
inear horizontal sweep and allows visual 


For wave analysis, the vertical 
plates are connected to a generator which 
ill produce a nearly pure sine wave. 

Since equation 2 is an expression repre- 
‘senting a complex wave f(@), let it repre- 
sent the complex wave that is applied to 
the horizontal plates of the oscillograph. 
Also let g()=—K cos k(@+<a,) be the 
‘sinusoidal wave applied to the vertical 
plates. The function g(@) has a frequency 
k times the frequency of the fundamental 
of f(@), so if k is an integer, a Lissajous 
figure will appear upon the oscillograph 
screen. The amplitude of g(6@) is K, and 
the angle a, in the expression indicates 


the phase angle between g(6) and the 


cosine term of the kth harmonic of f(6). 

Referring again to figure 1 and the dis- 
cussion of plotting Lissajous figures, it is 
evident that the shape of the Lissajous 
figure depends upon the phase angle 
There is an infinite number of 
shapes that may be assumed as ka; may 
assume an infinite number of values be- 
tween 0 and 27. If the frequency of 
g(@) is not exactly a multiple of the fre- 
quency of f(@), that is, if the two waves 
are not synchronized, the figure will 
gradually change through a complete 
cycle of shapes as the phase angle changes 
from 0 to 27. 

The area S;, of one of these figures may 
be calculated from the expressions of the 
two functions f(@) and g(@), and is as 
follows: 


Sp=kKr(Ax cos ka,+By, sin Rax) (3) 


It will be noticed that this expression con- 
tains only two coefficients of the series 


Figure 1. Plotting 
a simple Lissajous 
figure 


Figure 2. Plotting 


the Lissajous figure 
for the fundamental 
sine component of 
f(0) with 4 at the 

positive peak 


for f(@). 
able to solve for one of the coefficients 
independently. This may be done if an- 
other expression can be derived that will 


However, it is necessary to be 


contain the same two coefficients. If the 
phase angle a, were allowed to change to 
a new value, say §;, the area of the figure 
would change to a new value S;,’. This 
area may be expressed similarly as 


Sy!’ =kKa(Ay cos RBx +B, sin Bx) (4) 


If equations 3 and 4 are combined, the 
resulting expressions for A; and B; are 
as follows: 


_ Sk sin kB,—S,;’ sin Raz 


sore (5) 
kK-rsin k( By, — ax) 


S;' cos Raz—S, cos RBx 


=e (6) 
kK>o sin k( 8. —ax) 


B= 


Complete derivations of the above equa- 
tions are given in the appendices. 
If the phase angles ka; and kf, were 


T : 
made equal to 0 and x respectively, equa- 


“ 


tions 5 and 6 would reduce to 


Sk 
A,=— (7) 
Arg kKr 

Se’ 
——— (8) 
OS ice 


These equations correspond to those de- 
veloped by L. W. Chubb in connection 
with the Chubb polar ana- 
lyzer.4 However, the fact 
that it is difficult to accu- 
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rately adjust the frequency 
and phase angle of the sine 
wave generator to a pre- 
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determined value precludes the use of 
the simple expressions in (7) and (8). 
An interesting analogy may be drawn at 
this point between this method and that 
of Chubb’s. The vertical deflection of 
the unknown wave corresponds to 
Chubb’s mechanical deflection by means 
of the template, and the oscillator cor- 
responds to Chubb’s simple harmonic 
motion, The cathode ray method is 
actually a simplification in apparatus of 
the Chubb method, making use of cathode 
ray tubes and oscillators to replace the 
Chubb mechanical appara- 
tus. Like the Chubb 
method, thismethod will not 
apply to a determination of 
the constant term Ap in a 
Fourier series. The con- 
stant term is relatively un- 
important, and if it exists 
in a circuit, it may be de- 
termined by means of a 
direct current instrument. 

It is interesting to note 
that the expressions 5 and 
6 are both in terms of some area divided 
by w. The graphical method of analysis 
introduced by C. Runge? makes use of a 
theoretical area obtained by multiplying 
each ordinate by a function of the cor- 
responding angle. The Lissajous figure 
automatically produces this same area as 
an actual figure that may be measured, 
with the exception that the area is multi- 
plied by K the amplitude of g(6), and k 
the order of the harmonic. Hence both 
K and k appear in the denominator of 
expressions 5 and 6. 


Discussion of Experimental 
Procedures 


In experimental analysis by means of 
the cathode ray method, several serious 
problems have been encountered; (1) the 
area of the Lissajous figure must be deter- 
mined easily and accurately, (2) the sine 
wave source must be of a variable fre- 
quency and have very low harmonic con- 
tent, (3) the frequency must be adjustable 
to synchronize with the fundamental of 
the complex wave, (4) the phase angle be- 
tween the sine wave and the complex 
wave must be readily determined, and (5) 
results must be obtained in suitable 
units. 

The Lissajous figure remains stationary 
on the screen only as long as the two 
waves are properly synchronized. With 
a little practice it may be possible to esti- 
mate the net area of a figure on the screen. 
A better practice, however, is to photo- 
graph the figure and later measure the 
area with an ordinary polar planimeter. 
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The camera used is important, although 
aml expensive one is not necessary. Better 
results will be obtained if the room is 
slightly darkened, but complete darkness 
is more of a handicap than a help. Since 
speed is more important than depth of 


focus, a fast lens is desirable. Also, the 
size of the image on the film demands that 
the camera be focused at distances in the 
vicinity of one or two feet. Once the 
camera is focused, however, it should not 
be changed during the process of analyz- 
ing a wave, as a change of focus would 
change the scale of units upon the film. 

The sine wave source may be either a 
mechanical generator or an oscillator. 
The mechanical generator, of course, 
would be adaptable only at lower fre- 
quencies. In the 60 cycle range, the 
seventh harmonic is 420 cycles, and a 
generator producing from 60 to 420 cycles 
is a rare and expensive piece of equipment 
and may still develop a high percentage 
of harmonics. The most desirable char- 
acteristic of a mechanical generator would 
be the accuracy with which synchronism 
and phase relations could be worked out 
by mechanical gearing. In general a good 
quality variable frequency oscillator is 
more convenient to handle and more 
easily adjustable. 


A number of different types of oscil- 
lators may be used. The only require- 
ments are that the oscillator have a 
nearly constant amplitude over the proper 
frequency range and that the harmonic 
content be very small. The power re- 
quired to maintain voltage across the 
plates of the tube is very small, so the 
power rating of the oscillator is relatively 
unimportant. However, if the output 
voltage is low, the oscillograph must have 
an amplifier to produce a figure of the 
desired size upon the screen. 

The frequency of the oscillator must 
coincide exactly with that of the complex 
wave if a Lissajous figure is to remain 
stationary, and frequency drift of either 
the oscillator or the complex wave will 
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Figure 3 (left). 
Transformer exciting 
current wave 


Figure 4 (right). A 


pair of Lissajous 
figures for deter- 
mining the funda- 


mental harmonic 


cause the figure to change. There are a 
number of automatic synchronizing meth- 
ods which might be used. However, in 
all cases tried the method depends upon 
the interconnection of the oscillator with 
the complex wave, and the advantages 
are offset by a loss in the quality of the 
output wave of the oscillator. For this 
reason manual control of the frequency is 
desirable and a good frequency control is 
an important feature of the oscillator. 
When the frequencies are synchronized 
so that the Lissajous figure remains sta- 
tionary, there are a number of different 
shapes that the figure can assume. These 
depend upon the phase angle between the 
two waves. It is important to be able to 
determine this phase angle since it enters 
into the expression for the coefficients of 
the Fourier series, equations 5 and 6. In 
figure 2 a complex wave f(@#) has been 
plotted on the horizontal axis and a sine 
wave g(9) has been plotted on the vertical 
axis. The Fourier series for f(?) depends 
upon the location of a reference point 
where all the sine terms of the series are 
zero and all the cosine terms have a posi- 
tive maximum value. Call this point 4. 
In many methods of analysis, the point 
where the complex wave crosses the axis 
is chosen for 6. For the cathode ray 
method of analysis, the maximum positive 
peak of f(@) is thought to be a more suita- 
ble point for 4. The general expression 
for g(@) in figure 2 is 9()=—K cos 
k(0+a;). Since #is a value of 6 such that 
sin (%)=0 and cos (()=+1, @% is some 
multiple of 27. Hence, 2(6) for 6=6 re- 
duces to 
2(60) = —K cos kax (9) 
In figure 2, the Lissajous figure has been 
plotted for the case when a,=0, and 


g(6o)=—K. It will be noted that the 
Lissajous figure has a peak in the upper 


right corner a distance —K from the Y 


axis. If a, has a value other than zero, 


g() will be reduced in magnitude and 


Johnson—Wave Analysis 


the peak will have moved a distance 
(K—K cos ka;) to the left. The peak can 
always be located on the oscillogram and 
g(0)) may be measured directly. Then the 
angle ka, is, from equation 11, 


Ray= cos! (¢(0)/K) (10) 


From equation 10, ka, may be either 
positive or negative since the cosine is 
the same for either case, but in writing 
the sine of Ra,, it is important to know 
whether ka; is positive or negative. It 
is positive if g(@) has already passed its 
negative maximum at the time f(6) 
reaches its peak value. The best way to 
determine this when viewing the figure 
on the oscillograph screen is to adjust 
the frequency of the sine wave generator 
to a value slightly greater than that of the 
harmonic and stop the figure by syn- 
chronizing the two frequencies after the 
peak has left the upper right corner mov- 
ing to the left. If the peak is stopped be- 
fore it reaches the midpoint, the angle 
will be between 0° and 90°, while if it is 
stopped between the midpoint and the 
upper left corner, the angle will be be- 
tween 90° and 180°. It is good practice 
to make Ra; about 45° and &£, about 
135°. 

It is important in planimetering the 
area of the Lissajous figures, to move 
always in the proper direction around the 
loops, for some areas may be positive and 
some negative. A simple way to do this 
is always to start from the peak point on 
the Lissajous figure and move down- 
ward to the left, thus tracing through one 
complete cycle. The reading on the pla- 
nimeter is or can be corrected to square 
inches. 

Now if the scales for all figures are the 
same, A; and B, can be calculated from 
equations 5 and 6 in inches. However, 
it is usually better to convert each area 
by means of its scale constant to a hypo- 
thetical unit, which may be called square 
volts if a voltage wave is being analyzed, 
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Figure 5. 


seventh harmonic 


or square amperes for a current wave. 
Then K (assumed constant) can be con- 
verted to the correct units, and the value 
of A, is derived in those units. If K is 
not constant, equations 5 and 6 must be 
altered as follows: 


_ Sk/K sin RB,—S,'/K' sin ka, 


Ax : 
ko sin k( 8, —ax) 


(11) 


PN A Ci sin Rap—Syz ie cos R8;. 


kr sin R( Bg — ax) 


By= (12) 


The scale constant may be determined 
by taking a picture of a pure sine wave 
of known amplitude at the same time the 
other pictures are being taken. In fact, 
it is a good practice to take two or three 
calibration pictures during an experiment. 
Obviously, a change in amplification on 
the oscillograph or focus of the camera 
will alter the scale constant. If the scale 
constant varies slightly for unavoidable 
reasons, either an average constant must 
be used or individual constants must be 
assigned to each picture. 


Experimental Results 


In order to determine to some extent 
how practical the cathode ray method of 
wave analysis is, an exciting current wave 
for a potential transformer was analyzed. 
Figure 3 shows an oscillogram of the 


Table 1. Comparison of Results in an Experi- 
mental Analysis of a Transformer Exciting 
Current 


Cathode-Ray Method Runge Method 


Phase Magni- Phase 
Har- Magnitude Angle tude Angle 
monic Amperes Degrees Amperes Degrees 
IESE ey aicrer= 0.318 0 .-0.327 220 
MishiinGictscc os 0.1120 PAAN 2 ee) 1 BO .50.0 
ht heer tere 020267 ....54.5....0.0248 59.0 
Seventh. ..0.00794.... 7.7 . 0.00725. ..12.6 
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A pair of Lissajous figures for determining the 


Figure 6. Calibration picture 


wave that was analyzed. The results of 
the cathode ray method were compared 
with results using another method of 
analysis. The other method was the 
graphical method of C. Runge using 72 
points.2, A comparison of results is 
shown in table I. The analysis was only 
carried as far as the seventh harmonic as 
the graphical method becomes very in- 
accurate for higher harmonics and corre- 
spondingly small magnitudes. It is 
thought that the two methods possess 
about the same degree of accuracy for low 
order harmonics up to the third, but for 
higher harmonics the cathode ray method 
is thought to be more accurate. The 
areas of the Lissajous figures for higher 
harmonics may be rather accurately deter- 
mined because they are proportional to 
the order of the harmonic k times the 
magnitude of the corresponding coeff- 
cients. 

Figures 4 and 5 show examples of some 
of the Lissajous figures that were used in 
the experimental analysis. The pictures 
were taken using a 35 mm. camera with an 


f-4.5 lens. Exposures were made at ', ‘95 
Figure 7. Appara- 
tus used for the ex- 
perimental analysis 
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of a second. This was found to give a 
very good trace on the film when the in- 
tensity of the cathode ray was adjusted 
to a reasonable brightness. Since the 
light emitted from a cathode ray oscillo- 
graph screen is very small, a camera with 
a fast lens is a distinct advantage. An- 
other desirable feature in this application 
is a short focus, since the size of the figures 
on the screen is hardly more than two 
inches high. The zero axes of the Lissa- 
jous figures were obtained by exposing 
the film once with the exciting current 
wave shorted out and once with the 
sine wave shorted out in addition to 
the exposure for the figure itself. Figure 
6 is an example of one of the calibration 
pictures that were taken. It is a Lis- 
sajous figure similar to those in figure 4 
except that both waves are sinusoidal. 

Figure 7 shows the equipment as it 
was assembled for the experimental 
analysis. The cathode ray oscillograph 
had a 5 inch screen and the size of the 
figure could be adjusted through step up 
amplifiers on both the horizontal and 
vertical plates. The oscillator was a beat 
frequency type having a frequency range 
from 20 to 17,000 cycles and a practically 
constant amplitude over that range. Just 
in front of the oscillator and to the left 
is a small tuning condenser which was 
used in parallel with the main tuning 
condenser on the oscillator to give a finer 
adjustment of frequency. 


Conclusion 


It is important to note that only stand- 
ard laboratory equipment is necessary for 
the cathode ray analysis. The method is 
much faster and less tedious than the 
graphical method, because most of the 
calculation is dispensed with. Harmonics 
that do not exist, or are negligible, are 
apparent at once from the areas of the 
Lissajous figures without further calcu- 
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lation. The other harmonics may be 
quickly calculated and converted to the 
correct units. 

But much more important than any 
other advantage is the fact that the 
cathode ray oscillograph will respond ef- 
fectively to much higher frequencies than 
any other type of oscillograph. The vi- 
brator elements in most mechanical oscil- 
lographs have a natural frequency of 
5,060 cycles per second undamped; so it 
is evident that any frequency in this 
range would be somewhat magnified and 
the results would be erratic. The cathode 
ray oscillograph may be used in the radio 
frequency range. Thus, high frequency 
waves may be analyzed with the same 
simplicity and completeness as are the 
power frequency waves. 

With the possibility of completely ana- 
lyzing higher frequency waves, the study 
of mechanical vibration may be acceler- 
ated and improved. A device that would 
couple the mechanical system to an elec- 
trical circuit and reproduce the me- 
chanical oscillations as electrical functions 
would make possible the analysis of me- 
chanical vibration with a cathode ray 
oscillograph. 

The frequency range of cathode ray 
oscillographs has been still further in- 
creased with the invention of a new micro- 
wave oscillograph devised for the centi- 
meter range of wave lengths, where ordi- 
nary oscillographs are not adaptable.® 
These high frequency waves are distorted 
in the ordinary cathode ray oscillograph 
because the finite time required for an 
electron to pass across a deflecting field is 
of the same order of magnitude as the 
time required for one cycle of the wave. 
Also, if the two deflection fields are 
spaced along the direction of the beam, 
the time lag between the two fields is an 
appreciable part of acycle. In the micro- 
wave oscillograph, the deflection fields are 
made small and brought very close to- 
gether. All dimensions of the tube are 
likewise reduced, and the image is thrown 
upon an especially fine grain fluorescent 
screen. The image itself is so small that 
it must be observed and photographed by 
means of a microscope. This new instru- 
ment should make ultra-high frequency 
wave analysis possible, with very little 
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change from the method described in this 
paper. 


Appendix | 


Areas of Lissajous Figures 


The general expression for the sinusoidal 
function is 


2(0) = —K cos k(6+ a,x) (13) 
and 
dg(0)=kK sin k(0+a,)d0 : (14) 


=kK(cos ka, sin k0 + sin ka, cos k@)d0 


The area of the Lissajous figure is 


Se= Sy” f()dg(0) (15) 


The complex function f(@), given in equation 
2, may be changed to the following form: 


(0) =Aot D> An sin n0+>°B, cos no (16) 
n=1 


n=1 


The integration may be carried out for each 
part of f(@) independently as follows: 


So "AckK sin k(0 + 0,)d0=0 
S,’"(Ansin n)(RK cos kay sin k0)d0 =0 
if nx~k 
Seed n sin n0)(RkK sin kaz cos k0)d6=0 
for all n 
SREB cos 0)(RK cos ka; sin k6)d0=0 


for all n 
and 


fe (Bs cos n6)(RK sin ka;, cos k6)d#=0 
if nk 
If n=k 
Veo sin n6)(RK cos kaz sin k@)dé = 
A,kK cos ka, J,” sin? kod0 = 
(ARK cos kax)r 
and 
foal Be cos n0)(RK sin ka; cos ké)dé = 
B,kK sin ka, J, ” cos? k0d0 = 
(By RE sin Ra,)r 


Only two terms remain in the expression for 
the area S;, 


Sp=AzkKo cos kagy+BykKar sin kay, 


Pr (peer Bin kay 


Since it is known that a; may assume a new 
value B,, the expression for S;’ may be 
written immediately, 


Sy’ =kKa( Ax cos RB + By sin kBx) (18) 
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Appendix II 


Derivation of General Expression 
for the Coefficients 


Equations 17 and 18 may be changed to 
the following form: 


S 
Ax cos kaz+B;, sin hap= (19) 


Ss) / 
A; cos kB, + Bz sin kBe= (20) 


Kr 


These equations may be solved by deter- 
minants for the coefficients A; and Br, 


nl 
kK 
— 


Sx, sin Raz 
S;’, sin kBx 
cos kez, sin kag 
cos kB,z, sin kB x 


1 : 
bKa (Sz sin kB, —S;’ sin Raz) 


cos ka; sin kB, — cos kB, sin Raz, 


S, sin RB, —S,’ sin kax 
~ kK sin k(By—ax) 

1 |cos Raz, Sz 

kKr cos kBz, Sz’ 


cos ka,z, sin Raz 


k= 


cos kx, sin RB, 


1 
hice CS cos ka;,—Sz cos RBx) 
Tv 


cos ka;z sin kB;— cos kBx sin kax 


* S,' cos Raz —Sz cos RBx 
~ -—kKawsin k(B,—ax) 
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Synopsis: In the past several years there 
have been offered a number of calculation 
methods to be used in connection with pre- 
determining the performance of single- 
phase induction motors. While such meth- 
. ods are usually based upon either the cross 
_ field or the revolving field theory, they differ 
_ from each other according to individual 
' preferences. 

In the present paper there is proposed a 
method which seems to be convenient and 
simple, and which, because of symmetry, 
involves a minimum of charts in carrying 
out the necessary calculations. The method 
is proposed because it has been used in 
one design department for a number of 
years and found to be very satisfactory asa 
practical method. 


N the calculation of performance of 

single-phase motors by the revolving- 
field theory, there appear repeatedly cer- 
tain quantities which have been defined 
as apparent impedances. The actual de- 
termination of an apparent impedance 
when the characteristic impedances of the 
motor are known involves a considerable 
amount of labor and the use of complex 
quantities. This labor has caused some 
engineers to avoid a straightforward use 
of the revolving-field theory and to sub- 
stitute artificial steps, or actually to use 
entirely different methods. Ina case such 
as this it is often convenient to consider 
whether the labor of calculation could be 
avoided by the use of a suitable chart 
wherein the calculational work is done 
once and for all and, for a specific calcu- 
lation, it is merely necessary to read the 
values from the chart. It is the principal 
purpose of this paper to indicate how such 
charts may be constructed for the deter- 
mination of apparent impedance and to 
show how the use of such charts can be 
made to simplify induction-motor per- 
formance calculations. 


Per-Unit pope tcp dsace 
Charts 


The values of the apparent impedances 
of a single-phase motor were given in 
equations 54 to 57, inclusive, of my 1929 
paper! on the revolving-field theory. 
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These values are indicated below in 


equations 1 to 4. 


Xr 
s 
ow A area (1) 
7 +(X2t+Xin)? 
R,\? 
Xe () +X Xm) | 
> oan 5-e 1 emia : (2) 
2 
Opaes 
Xni( Ry ) 
= 
(*) +(X2+Xn)? 
sa 
R, \? 
nl (*) $n) | 
i —s 
ee ie Ay CR al (4) 
(=) +(X2+Xm)? 
— 


The right-hand members of each of the 
above four equations contain three inde- 
pendent variables, if R./s and R,/(2—s) 
be each considered as a single variable. 
Functions involving three independent 
variables are usually considered too com- 
plicated to chart since they involve fami- 
lies of curves. However, if the apparent 
impedances and each of the independent 
variables of the preceding equations be 
expressed as per unit of one of the inde- 
pendent variables, it is possible to reduce 
the number of independent variables by 
one. This can be done if both sides of the 
four above equations be divided by X,, 
and both the numerator and denominator 
of each of the right-hand members be 
divided by X,,2._ The resulting equations 
are given in 5 to 8 below: 


R2 
2G 
Ro 


Fon 2 XG 2 
1 
& ACS ) 
ate. oy, 
1 
re, ies) BAGG ) 


= per unitforward 
field apparent 
resistance (5) 


=per unit for- 


Xm (#)+(2 1) ward field 
Xms Xm apparent re- 
actance (6) 
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R, 
Ry Xm(2—s) 


ne LAE eee NS Nt 
(ts) +(F41) 


=per unit backward-field apparent 


resistance (Up) 
( > 
Xp» Red 2-s ) 


| 


Ry 2 Xe 2 
En) (En) 


=per unit backward-field apparent 
reactance (8) 


In equations 5 to 8 the independent 
variables will have the following defini- 
tions: 


Ry 
Foi =per unit secondary resistance at slips 
ue it d ist 
————~ = per unit secondary resistance at 
Xm(2—s) 


slip 2—s 


Xe 
x7 Pe unit secondary reactance 
m™ 


On the basis of the above definitions 
of the independent variables, there are 
only two independent variables in the 
right-hand members of equations 5 to 8. 
It therefore becomes possible to plot each 
of equations 5 to.8 in the form of a family 
of curves. Since the only difference be- 
tween the expressions for per unit ap- 
parent forward field resistance and re- 
actance and the similar expressions for the 
backward field is the use of R2/s in place 
of R:/(2—s), the curves for the forward 
and backward field apparent impedances 
will be identical and only two families 
of curves need be drawn. 

In figures 1 and 2 there are shown 
curves of per unit apparent resistance and 
per unit apparent reactance plotted for 
definite values of per unit secondary re- 
actance and as a function of the reciprocal 
of the per unit secondary resistance for 
slips of s or 2—s. The reciprocal of the 
per unit secondary resistance has been 
chosen as the independent variable be- 
cause the resulting curves spread out in 
such a fashion as to make them more 
easily and more accurately read. 

In order to make use of the charts and 
to obtain an actual value of apparent 
resistance or reactance, it is first necessary 
to obtain the per unit secondary react- 
ance, X2/Xm, to learn which of the curves 
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Figure 1 (above). Apparent-resistance chart 
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Apparent-reactance chart 


Figure 2 (below). 
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x 
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Xm 
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>= = PER UNIT SECONDARY REACTANCE 

{| | Xm 
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PER UNIT APPARENT SECONDARY REACTANCE 
[e) 


Xof OR X2b 
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apply. In case the value is not exactly 
the same as that of a curve, it is, of course, 
necessary to interpolate between two 
adjacent curves. 

Once the proper curve has been 
selected, the corresponding value of per 
unit apparent resistance or reactance may 
be read as the ordinate corresponding to 
the proper value of X,,s/R2 or X,(2—s) + 
R,. The actual apparent resistance or 
reactance is obtained as the product of 
the per unit apparent resistance or re- 
actance by X,,, the 
actance. 

As an example of actual use of these 
curves, consider the case of a single- 
phase motor having the following con- 
stants: 


magnetizing re- 


R,=2 (9) 

X,=1.7 (10) 
Xm=34 (11) 
1038 TRANSACTIONS 


Is) yO) je ZOmee aero. aS 5 7 9 
S = 
Xm or Xm(2 S) 
Ro Ro 


If this motor is operating at a slip of 
0.05, the per unit forward and backward 
field secondary reactances will be 


(12) 


and the reciprocal of the per unit for- 
ward and backward field secondary re- 
sistances will be 


XmsS 84(0.05) 
eet _ 34(0.05) ae (13) 
R, 2 
Xm(2—s) 34(1.95) 
= - = 33.2 14) 
Ry 2 ( 


Using these values and figures 1 and 2, 
the per unit apparent impedances and 


the corresponding actual impedance 
values are given below: 

Ry a 

a 0.475  R,; =34(0.475)=16.18 (15) 
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SiS SNCS EAS OS CSTEETS 


oe 
¢_ 70.578 X,=34(0.578) =19.65 (16) 
“i. ™| 

Ry 2 ; 

7 70.0273 Ry=34(0.0273) =0.928 (17) 
bree 

70.0482 Xy=34(0.0482) = 1.638 (18) 
= 477 


Calculation of Single-Phase-Motor 
Performance 


In the calculation of motor performance 
it is usually desirable to proceed from a 
relatively simple idealized conception and 
to introduce phenomena of secondary 
importance by modifying the results ob- 
tained from the idealized concept. For 
example: The equivalent circuit for the 
single-phase motor which was given in 
figure 1 of my 1929 paper (figure 3 of the 
present paper), and which has appeared 
many times in publications by other 
authors, makes no provision for repre- 
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Figure 3. Single-phase-motor equivalent cir- 


cuit 


senting the core-loss current. Such cur- 
rent could be shown as flowing through a 
high resistance which is connected in 
parallel with the magnetizing reactance 
of each forward and backward field. In 
actual practice it is usually found that the 
effect of the core-loss current on the motor 
performance is relatively small since the 
current itself is usually very small and 
since its time-phase relation is at 90 de- 
grees with respect to the magnetizing cur- 
rent, which latter is usually relatively 
large. For this reason, it has usually been 
found desirable to consider the core loss 
as if it were the result of a high resistance 
in parallel with the entire motor and to 
neglect the effect of the flow of the core- 
loss current through the primary im- 
pedance of the motor. When this ap- 
proach is employed, the core loss may be 
introduced as an input which is added to 
the input determined from the idealized 
equivalent circuit. 

There are two other losses which must 
be accounted for in making an exact 
single-phase motor calculation and these 
are the rotational iron loss and the me- 
chanical friction, sometimes called friction 
and windage. The rotational iron loss is 
indistinguishable from friction in its ef- 
fect upon motor performance since the 
loss appears as a retarding torque tending 
mechanically to slow down the motor. 
The torque of rotational core loss differs 
from the torque of friction in that, in 
addition to being a function of speed, it 
is also a function of the currents in the 
stator and the rotor and, while an exact 
expression for the torque would be com- 
plicated, it and the corresponding power 
loss may be approximately represented 
as proportional to the second power of the 
stator current. 

If it be presumed that the rotational 
iron loss and the mechanical friction are 
both known, and that the two rotational 
losses be classed as friction and repre- 
sented by the symbol Wy, the effect of 
this combined rotational loss is properly 
accounted for if W, be subtracted from 
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the electrical output as determined from 
the idealized circuit. 

On the basis of these remarks, the cal- 
culation sheet for a single-phase motor 
may be laid out as shown in figure 4 in 
which an actual calculation has been car- 
ried out using the constants which were 
employed in explaining the apparent- 
impedance charts, plus the values for 
the primary resistance and reactance, the 
iron loss, and the rotational losses as 
given below: 


R,=2 (19) 
Xi=28 (20) 
W,=138 (21) 
W,=20 (22) 


In carrying out the operation of deter- 
mining the input current, it has been 
thought desirable to make use of figure 5 
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PERFORMANCE CALCULATING SHEET 
SINGLE PHASE MOTORS 


: MOTOR CONSTANTS 
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Figure 5. Power-factor versus R/X chart 


and the total apparent secondary resist- 
ance, thus avoiding the necessity of squar- 
ing the impedances and extracting the 
square root or carrying certain quantities 
in mind during the calculation, as is 
necessary with other methods. 

It will be seen from the calculation 
form that the number of steps required 
for the determination of the performance 
of a single-phase motor for any given 
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Synopsis: This paper describes a reclosing 
relay for oil circuit-breaker control which is 
new in design, new in function, and new in 
operation. It was designed and built with 
additional features to meet certain reclosing 
requirements which cannot be obtained by 
use of standard reclosing relays. These re- 
closing requirements, brought about by 
complete automatization of high-voltage oil 
circuit-breakers in transmission networks 
and on lines containing automatic sectional- 
izing air-break switches, are herein de- 
scribed. Also several schemes of time- 
sequence-coordination are given for the 
operation of oil circuit-breakers with auto- 
matic line sectionalizing air-break switches. 
Of special interest is a scheme for materially 
reducing fuse outages, which utilizes the 
described reclosing relay for coordinating the 
operations of a breaker with fuse operations 
on the line served by the breaker. 


ECAUSE of the greater exposure and 
higher potential stresses of the trans- 
Mission system over those of the genera- 
tion and distribution systems, most in- 
terruptions to electric service are caused 
by failures in the transmission process. 
Although transmission lines can be built 
almost interruption proof by utilizing 
modern design, the fact remains that the 
greater number of lines were built several 
Paper 41-152, recommended by the AIEE com- 
mittee on protective devices, and presented at the 
AIEE South West District meeting, St. Louis, Mo., 
October 8-10, 1941. Manuscript submitted July 8, 


1941; made available for preprinting August 19, 
1941. 
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years past when such quality lines, if at 
all possible, were so only at a prohibitive 
cost. Thus the major problem is simply 
an economical balance between what can 
be done to reduce the number of inter- 
ruptions and what can be done to mini- 
mize or remove the adverse effects of 
those which do occur. It is a question 
whether to rebuild the older lines or ac- 
cept the interruptions as inevitable and 
minimize theiradverse effects upon service, 

It is not the author’s purpose to answer 
this question since each power company 
must work out its own problems. The 
author does wish, however, to discuss 
that side of the question regarding means 
for minimizing the adverse effects of serv- 
ice interruptions due to faults on the 
transmission system. 


A oto 


cLosep— | | 
ag) GE 


CLOSED-, | = 
> OPEN oy 
O— TIME 
Figure 1. Operation-sequence diagram of 


line breakers and one automatic sectionalizing 
air-break switch with low side potential control 
for opening only 


Service interruptions seldom result from 
failure of the conductor, but are caused by 
short circuits resulting from lightning. 
Accompanying voltage disturbances, how- 
ever, can be practically nullified by the 
use of high speed relays, a fact which is 
repeatedly demonstrated on the Okla- 
homa Gas & Electric Company system. 
Large industrial motor loads now ride 
through all disturbances, whereas before 
installation of such relays these loads were 
occasionally lost. Moreover, since in- 
stalling them permanent faults are a 
rarity and insulator replacements are few 
because the power is interrupted before 
burning action effects permanent damage. 


Breaker-Reclosing Equipment, 
Transmission System 


Although fast clearing of faults mini- 
mizes the voltage disturbance to remain- 
ing parts of system and greatly reduces 
the possibility of permanent line damage, 
it still interrupts service to consumers 
served from or through the faulted sec- 
tion. Through the modern practice of 
equipping breakers with automatic re- 
closing relays, the duration of such an 
interruption is greatly minimized. But 
when the breaker is located within a 
transmission network, its reclosing re- 
quirements necessitate the use of a re- 
closing relay having greater utility than 
the standard makes now available. The 
latter relays are generally designed for use 
on distribution feeders or radial trans- 
mission lines where the only requirements 
are to perform upon a breaker a certain 
number of closures at definite time inter- 
vals, and to lock out the breaker from 
further closures if the final closure is un- 
successful because of a permanent fault. 


value of slip is very small. The time re- 
quired for a single calculation should not 
exceed five to ten minutes and, where a 
number of calculations are done in paral- 
lel, even this time can usually be bettered. 

Apparent impedance charts are not con- 
fined to the calculation of single-phase 
motors, but they may also be applied to 
polyphase motors, shaded pole motors, 
shading coils of relays, and other elec- 
trical devices. A calculation form for 
polyphase motors is too obvious and 
simple to present here, but in a similar 
way to that which has been used for the 
straight single-phase motor, it is possible 
to lay out a calculation form for an un- 
balanced two-phase motor such as the 
capacitor motor. An example of a cal- 
culation form of this type is shown in 


figure 6. 
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Advantages 


The advantage of the apparent im- 
pedance method as herein outlined for 
the calculation of induction motor per- 
formance lies in the symmetry and 
naturalness of the approach. This sym- 
metry is particularly indicated by the fact 
that the curves for the forward and back- 
ward field impedances are identical and 
the further fact that these impedances 
may not only be used in a simple fashion 
to obtain the input current, but the same 
quantities are also used in equally simple 
fashion in expressions for torque end out- 
put. 

It is felt that the use of the apparent 
impedance charts not only eliminates con- 
siderable labor, but also a great deal of 
the possibility of error, for with the use 
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of the charts, the calculational operations 
are reduced to arithmetic and complex 
quantities need not be considered. 

A further advantage of the method lies 
in the assistance which it gives to a visualt- 
zation of how the motor characteristics 
vary as the constants are changed. The 
separate points of a calculation are tied 
together mentally through the continuity 
of the curves. 

In the determination of motor constants 
from test, the apparent impedance charts 
are used in reverse because apparent im- 
pedances at definite speeds are known and 
it is desired to find the true impedances. 


Reference 


REVOLVING-FIELD THEORY OF THE CAPACITOR 
Motor, Wayne J. Morrill, AIEE TRansac- 
TIONS, volume 48, 1929, pages 614-29. 
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Such relays cannot be used in transmission 
networks because they are either unidirec- 
tional in operation, which requires ex- 
tended resetting times, or they cannot be 
adapted to the conditions desired without 
use of extra equipment. 


Need for a Reclosing Relay for’ 
Functioning Under Variable 
Line Conditions 


A reclosing relay for transmission net- 
work use must be capable of distinguish- 
ing between energized and de-energized 
line conditions. Also, it must be adapt- 
able for use in conjunction with syn- 
chronism-check relays for closing breakers 
on in-phase conditions. For example, it 
may be desirable to limit to one terminal 
the re-energization of a transmission line 
following tripouts, with closure of the re- 
maining terminal breaker permitted only 
after successful re-energization of the line. 
The first requires closures on ‘“‘de-ener- 
gized line’’ only, and the second requires 
closures on ‘‘energized line” only which 
may also require synchronism-check. 

For use in unattended and semi-at- 
tended substations a reclosing relay must 
be capable of one or more subsequent re- 
closures in addition to the immediate or 
delayed initial reclosure, since operating 
experience shows that out of the total 
tripouts about 85% are successfully re- 
energized by an immediate breaker re- 
closure, 10% by a second reclosure, 1% 
by a third reclosure, and 4% result in 
permanent faults. The percentage of 
successful immediate reclosures on cir- 
cuits equipped with modern high speed 
fault clearing relays is above average and 
the percentage of permanent faults is far 
below average. 


Need for a Fast Accurate-Timing 
Reclosing Relay 


Transmission lines are customarily 
divided into several parts by airbreak 
switches so that any one section, on be- 
coming faulty, can be removed and serv- 
ice restored to the remaining parts. 
Most airbreak switches are, as yet, manu- 
ally operated but with service require- 
ments becoming more exacting, auto- 
matization of certain airbreak switches 
affords an inexpensive means of speeding 
service restoration to loads tapped on 
transmission lines. 

Airbreak switches are generally inca- 
pable of interrupting fault currents. They 
are designed to be opened under normal 
service conditions. Therefore, under 
fault conditions they must be opened 
after the line is de-energized and the time 
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of opening must be coordinated with the 
time of re-energization of the circuit by 
the terminal breakers of the line. To ac- 
complish this time coordination between 
the automatic sectionalizing switches and 
line breakers and yet restore service in 
minimum time, requires the use of a fast 
accurate breaker-control relay. Short 
time intervals between breaker reclosures 
are essential in order to minimize the 
time gaps between operations of the 
breakers and sectionalizing switches. 
The extent to which an airbreak switch 
need be automatized depends upon serv- 
ice requirements of the load or loads 
protected and the quality of the trans- 
mission line serving the loads. Several 
schemes of time-sequence-coordination 
are given below as examples, in which the 
operations of airbreak switches are con- 
trolled from potential indications only. 
Figure 1 shows a single airbreak switch 
C automatized for opening only. No high 
tension potential device is required for 
airbreak switch control, the potential in- 
dication to control relay R1 being re- 
ceived from low side of power transformer 
as indicated. This scheme is applicable 
for protecting a load tapped between a 
long and a short section of line where few 
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Figure 2. Operation-sequence diagram of 

line breakers and two automatic sectionalizing 

air-break switches with low side potential 
control 


permanent faults are expected in the short 
section and practically all are expected 
in the long section. Since the airbreak 
switch is automatized only for opening, it 
is desirable that opening not take place 
until after some assurance of a permanent 
fault. For this reason at least two at- 
tempts are made to re-energize the line 
before the airbreak switch opens. 

Figure 2 shows two airbreak switches 
controlled by relays Rl and R2, which also 
receive potential indications from the low 
side of power transformers. This scheme 
assures service to a load should a per- 
manent fault occur on either side of the 
load. 
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Figure 3a shows two airbreak switches 
automatized for both opening and closing 
operations. This requires the use of 
potential devices connected to the line 
side of each airbreak switch for control. 
Since these switches will reclose auto- 
matically with line re-energized, less as- 
surance is required that a fault be per- 
manent before the switches automatically 
open. For this reason only one attempt 
at re-energizing the line is made before 
opening takes place. Switches B and C 
are identically equipped and controlled. 
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diagram of line breakers and two automatic 
sectionalizing air-break switches with high side 
potential control 


They open simultaneously a definite time 
after initial attempt to re-energize line. 
After switches B and C open, breakers A 
and D close simultaneously; breaker A, 
closing on the fault, will reopen, and 
breaker D will remain closed. The line 
being re-energized to switch C will cause 
this switch to close and re-establish serv- 
LCG: 

Figure 3b shows two airbreak switches 
with equipment identical to that of the 
switches in figure 3a, but having different 
timing control. These switches are au- 
tomatized so that only one switch is open 
at any given time. This scheme affords 
a faster means of service restoration than 
the scheme of figure 3a for faults in the 
Fl section, and slightly longer time for 
faults in the F2 section. 


Need for a Quick-Resetting 
Reclosing Relay 


To prevent possible hazards to service 
within a transmission system, a reclosing 
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relay is needed with quick resetting action 
following any successful reclosure. How- 
ever, some time should elapse after a re- 
closure before permitting the device to 
reset quickly, as assurance that the re- 
closure was successful and that no per- 
manent fault exists on the line. This 
time interval should be greater than the 
re-opening time of breaker under an 
existing fault condition, and its length is 
limited only by the permissible duty on 
the breaker. In no case, however, should 
the resetting time be extended until the 
device has traversed its complete reclosing 
cycle. 

In the case of a breaker equipped with a 
unidirectional reclosing relay which trips 
on a transient fault, closes automatically 
and again trips on a second transient 
fault, the feeder customers would need- 
lessly be without service until a subse- 
quent reclosure point is reached. Even 
though this outage is momentary, impor- 
tant motor loads may be dropped, whereas 
with a quick resetting reclosing relay serv- 
ice would be immediately re-established 
upon the second tripout. In addition, ifa 
transient tripout occurs during the timing 
interval between the final reclosure point 
and the lock-out position of a standard 
unidirectional reclosing relay, it will lock 
out without reclosing the breaker. Ob- 
viously such hazards can be serious, 
especially in a transmission system with 
isolated unattended or semi-attended 
substations, since it is possible for lines 
to be out of service or loop circuits to be 
open for lengthy periods when such uni- 
directional relays are so employed. 

Likewise, on lines containing automatic 
sectionalizing airbreak switches and whose 
terminal breakers are controlled by uni- 
directional relays, subsequent tripouts as 
described above may cause these sec- 
tionalizing switches to open unnecessarily 
(due to loss of potential) and thereby 
seriously hazard service. Under these 
conditions the time coordination between 
the operations of the breakers and 
switches becomes disrupted. 


Description of the Reclosing Relay 


In view of the foregoing and the fact 
that automatic substations and motor 
operated sectionalizing switches have in- 
creased in number on the Oklahoma Gas 
and Electric Company system, the author 
designed an accurate timing, adjustable 
resetting, automatic reclosing relay for 
universal breaker application in the com- 
pany’s transmission system. It consists of 
an assembly of eleven standard telephone 
type relays mounted in a standard glass 
covered case as shown pictorially in figure 
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4 and schematically in figure 5. It con- 
tains no fabricated parts other than a 
terminal board and a mounting plate for 
the relays. Its principal features are: 


TIMER 


The device contains no motor-driven 
gears, drum, or camshaft for interval tim- 
ing. Timing is obtained by a vibrating 
reed relay acting in conjunction with slow- 
operate relays to pulse a stepping switch 
at intervals adjustable between 1 and 15 
seconds. The vibrating reed relay VR, 
figures 4 and 5, on energization pulls-up 
and energizes slow-release relay SR, which 
seals in and de-energizes the VR relay; de- 


Figure 4. The reclosing relay, an assembly 
of 11 telephone-type relays 


energization releases the reed which 
vibrates to rest, thus energizing (through 
break contacts) slow-operate relay SO2. 
Relay SO2 in turn energizes slow-operate 
relay SO3 to move the stepping switch 
one step by energizing the operating coil 
SS. Relay SO3 de-energizes relay SR 
which causes repetition of the timing cycle 
for further movements of the stepping 
unit. The stepping switch has 10 steps 
which make possible a maximum time 
duration of 2!/, minutes for this reclosing 
relay. As many as 3 breaker reclosures 
can be made by it, and they can be ac- 
curately spaced from 3 seconds to 11/4 
minutes apart. 
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VARIABLE CONDITIONS OF 
BREAKER CLOSURE 


The recloser contains a built-in “line 
potential checking relay’ (OAL) which 
affords choice of breaker closures on ‘‘de- 
energized line only,” “energized line only,”’ 
or “energized and/or de-energized line.” 
By means of an external terminal connec- 
tion the device can be interlocked with a 
synchronism-check relay for closures on 
“energized line in-phase only’? or ‘‘de- 
energized line and/or energized line in- 
phase.” 


VARIABLE CONDITIONS OF 
TIMER MOVEMENT 


By this term is meant the conditions 
under which the stepping switch is ad- 
vanced following the initial reclosure. 
For most applications the ‘‘conditions of 
timer movement” and the ‘“‘conditions of 
breaker closure’ should be the same in 
order that the timer not move the step- 
ping switch past subsequent reclosure 
points to the “lockout position’”’ while the 
conditions of breaker reclosure are in- 
correct. On the other hand, when the 
time coordination between operations of 
breakers and sectionalizing switches is 
close it is necessary that the reclosing re- 
lays serving both terminals of the line 
advance together regardless of breaker 
closing conditions. 


Quick RESET 


The most salient feature of the reclosing 
relay is its ability to reset following suc- 
cessful reclosures. Reset takes place im- 
mediately after the breaker has remained 
closed a definite time as assurance that 
the fault was not permanent. Retripping 
of the breaker before this time expires will 
cause the relay to progress toward sub- 
sequent reclosing points without resetting. 
This definite time limit is adjustable in 
impulse intervals of the stepping switch 
independently after each reclosure. The 
reset feature may be omitted from any 
reclosure, as is sometimes desired, to limit 
the possible rupturing duty that may be 
imposed upon a breaker with limited rat- 
ing. 


ANTIPUMP ON ALL RECLOSURES 


The relay is inherently anti-pump (elec- 
trically trip free) on all reclosures, that is, 
for each reclosure the closing circuit to the 
breaker is opened immediately upon clos- 
ure and cannot be re-energized until a 
subsequent reclosing point is reached, and 
only then providing the breaker is open 
and closing conditions satisfy the settings 
made on the terminal board later de- 
scribed. This feature is obtained by 
energizing the closing relay CL through 
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INITIATION AND CONTROL 


BREAKER POSITION INDICATIONS 
ENERGIZED BY 152 b OR EQUIVALENT) 
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CONTROLLED CIRCUITS 


Figure 5. Schematic diagram of internal 
connections of reclosing relay 


contacts of the set-up relay SU (figures 4 
and 5), which is initiated from points of 
the stepping switch just preceding the 
points of closure, and is held energized by 
its own contacts until dropped by the con- 
trol relay QAb on closure of the breaker. 


SETTING THE RELAY 


The pulsing intervals of the stepping 
unit are adjustable between 1 and 15 
seconds by screws which vary the reed 
amplitude of the vibrating reed relay 
(VR). All other settings are made elec- 
trically by inserting plug type jumpers in 
proper jacks on the terminal board, figures 
4 and 5, The points of the stepping 
switch are terminated in a row of jacks 
numbered 2 to 10 on the board. The 
number 1 jack represents the zero point 
or normal position of the stepping switch 
—being controlled by slow-operate relay 
SO1, which is operated by an off-normal 
contact ‘‘S.S-on” on the stepping unit. 

Directly below this row of jacks is a 
row of 3 binding posts, SU, CL, and 
R, from which by use of jumper con- 
nections to the row of jacks time settings 
are made for: (1) initiation of the set-up 
relay SU, (2) energization of the closing 
relay CL, which closes the breaker, (3) 
resetting of the relay. Reset is accom- 
plished instantaneously by energization of 
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relay QAl which seals in and maintains 
energized the reset coil SSR of the step- 
ping switch until the unit has fully reset 
and relay SO1 is de-energized by the 
opening of ‘‘off-normal’’ contact ‘4S,S-on.”’ 
Note that resetting cannot take place un- 
less relay QAb is de-energized as indica- 
tion that breaker is closed. 

The conditions of breaker reclosure are 
set by placing jumpers from binding post 
“X” to jack “DL” for “‘dead-line’’ closing 
conditions, to jack “TDL” for “hot and/ 
or dead-line’”’ (non-restricted) conditions, 
and to jack “HZ” for “‘hot-line’” condi- 
tions. Jacks DL and HL are controlled 
by a break and a make contact respec- 
tively of line checking relay QAL. If 
synchronism-check is desired, the external 
terminal stud ‘“‘22” is connected in series 
with the contacts of the synchronism- 
check relay to the positive bus; otherwise 
this terminal stud is connected directly to 
the positive bus. These connections to 
point ‘“X” establish the conditions for 
which the set-up relay SU is energized. 

The conditions of timer movement are 
set by placing jumpers from binding post 
“T” to the same jacks as those for the 
conditions of closure. Such connections 
to point ‘“‘T”’ control the conditions for 
which the timer relays SR, VR, and SO2 
are energized. 

Immediate or delayed initial reclosure 
is chosen by inserting jumper from jack 
“IR” to jack “I’’ for ‘immediate’ re- 
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closure, or from jack “JR” to jack ‘“D” 
for “delayed” reclosure. Connection to 
jack ‘“‘I’”” permits immediate energization 
of operating coil SS of stepping switch, 
and connection to jack ‘‘D’”’ interposes 
one impulse cycle of timing relays before 
energization of coil SS. 


OTHER FEATURES 


As can be seen from schematic connec- 
tion diagram figure 5, only one breaker 
auxiliary switch (152b) is required for 
operation, or in many cases the reclosing 
relay may be controlled directly from the 
breaker alarm or indicating light circuits 
instead, since the only requirement is 
energization of relay QAb when breaker 
is open. 

The auxiliary relay CL which energizes 
the breaker closing circuit is equipped 
with a vacuum contact for the high- 
current capacity required in energizing 
breaker closing contactors. Its coil is 
slow releasing in order to permit ample 
time for the breaker to latch closed with- 
out any necessary critical adjustment of 
the breaker auxiliary switch. 

The reclosing relay can be made for 
operating voltages from 24 to 250 volts 
d-c, or a-c with a rectifier unit. 

A mechanical pointer fastened to the 
shaft of the stepping switch indicates 
when the relay is locked out by pointing 
to line marked ‘‘LO”’ on front of stepping 
unit. 

The relay will automatically reset upon 
manual closing of breaker after lockout, 
provided breaker remains closed for one 
impulse interval of timer, otherwise it 
will remain in the lock-out position. 

For remote supervisory indication and 
for other external functions of control 
associated with reclosing of breakers, two 
auxiliary ‘‘off-normal’’ contacts (SS-on) 
are brought out to terminal studs 13, 14, 
and 21. In attended stations where the 
relay is located away from control board, 
remote off-normal supervision indicates 
relay operations to the attendant. An 
important control function using an off- 
normal contact involving fuse operations 
is described below. 


Method of Reducing Fuse Outages 


To lessen the outages caused by tran- 
sient faults on multibranch-fuse circuits 
served through a common breaker, the 
Oklahoma Gas and Electric Company is 
using a unique automatic scheme which 
permits instantaneous initial tripping of 
the breaker for a fault at any point on the 
circuit. Service is immediately restored 
by the breaker reclosing equipment. The 
instantaneous opening of the breaker 
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interrupts transient short-circuits before 
the branch fuses have time to blow. 
Service can then be restored to the fused 
branch immediately, instead of waiting 
until a fuse can be replaced. Of course, 
service to the entire circuit is momen- 
tarily interrupted, but it is doubtful 
whether such an interruption is more 
serious than the voltage disturbance 
caused by a longer clearing time of a fuse. 

In order to protect customers on un- 
faulted branches when a permanent fault 
occurs, a reclosing relay fulfilling the 
following requirements is needed. It 
must remove the instantaneous tripping 
relays from service prior to the immediate 
reclosure of the breaker so as to pennit 
coordination between breaker time-delay 
relays and sectionalizing fuses, and it 
should hold these instantaneous relays 
temoved from service until it has reset 
and again is capable of an immediate 
reclosure, otherwise more than a transient 
outage may result needlessly to all cus- 
tomers. 

The reclosing relay herein described 
with its auxiliary “‘off-normal” contact on 
the stepping switch fulfills all require- 
ments. This “‘off-normal’’ contact (figure 
5, terminal studs 13 and 21) is connected 
in series with the instantaneous tripping 
relay contacts and opens this circuit upon 
movement of the stepping switch off- 
normal just before closure of the breaker. 
The circuit remains open until the relay 
is fully reset. 

The reset feature of the reclosing relay 
for this service is as useful in preventing 
fuse outages as the scheme itself. 


Operating Experience 


The accompanying table is an analysis 
of operations from January 1939 through 
June 1941 of the line breakers which 
are equipped with the reclosing relay. 

Under (I) above, three of the successful 
sectionalizing operations were accom- 
plished within 8 seconds by equipment 
utilizing the scheme of figure 3b. The 
four ‘‘line sectionalizing failures” were in 
no case due to improper functioning of the 
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ees 


Number Per Cent 
<a  Se e  e  e 


I. Breakers serving 
equipped with 
sectionalizing 
switches: 


Line terminals equipped...... 7 
DANO URUITS: ec ee ne UL Bio ae 100 
Normal service _ restored, 

initial reclosure.......,..., LO oan 82 
Normal _ service restored, 

second reclosure..........,. iimoras 40) 
Normal service restored, 

third reclosure.......... 
Relaylockouts! oo oicr cuca: 
Reset feature, beneficial 
Permanent faults............ 
Line correctly sectionalized, . , 
Line sectionalizing failures, ... 


lines 
automatic 
air-break 


II, Breakers serving 66 kv-loop- 
circuit lines: 


Line terminals equipped...... 6 
TANG TOTES ste sates ¢ 8045 vas 100 
Normal service restored, 

initial reclosure............ 208 tare 98 
Normal service restored, 

second reclosure........... Sisthisies 1 
Normal service restored, 

third reclosure.........5.% Ocak 0 
Relay lOckoutacks «We cathe ea datenee 1 
Reset feature, beneficial. ..... AO sees ent 13 

Ill, Breakers serving multi- 

branch-fuse circuits: 
Line terminals equipped...... 1 
Matte SUES. ccekre ents ste es ers aye care AG) ceo 100 
Normal service restored, 

immediate reclosure........ AS Als 98 
Normal service _ restored, 

second reclosure........5... AD Sates sic 2 
Normal service restored, 

third reclosure faa oa sos a0 OeLsiets 0 
Relay iockauts sy 5... weer One. 0 
Reset feature, beneficial...... Diaiensts 6 


reclosing relays. One was caused by a 
blown fuse in an airbreak, switch mecha- 
nism; one was caused by the nature of the 
fault—open conductor, grounded on one 
end and in clear on the other; one was 
caused by the failure of a breaker to latch 
closed; the fourth was caused by manual 
interference with the automatic reclosing 
relay. 

The most important result shown by the 
analysis is the fact that the reset feature 
of the relay was beneficial in restoring 
service for 55 of the total 471 fault opera- 
tions, that is, for approximately 12% of 
the faults, which faults occurred following 
a successful reclosure and within the 
total cycle of time for which the relays 
were set, the quick resetting action of the 
relay, in addition to speeding restoration 
of service, prevented the following possible 
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service hazards, (Previously described 
under “‘Need for Quick Resetting Reclos- 
ing Relay.) 

1. Disruption of time-sequence coordina- 
tion between operations of automatic sec- 


tionalizing airbreak switches and line ter- 
minal breakers. 


2. Longer than transient outages to im- 
portant loads. 


3. Loop circuits remaining open for lengthy 
periods. 


4. Lockouts of reclosing relays without 
closing the breakers. 


Conclusions 


The relay meets the following require- 
ments which are essential to successful 
operation of oil circuit breakers in an ex- 
tensive transmission network: 


1. Variable conditions of closure 
2. Variable conditions of timing 


3. Fast and accurate timing between 
closures 


4. Anti-pump characteristics 


5. Auxiliary off-normal contacts for ex- 
ternal control and indications 


6. Operation on either alternating or direct 
current 


7. Quick resetting following successful 
reclosures 


It is through the fulfillment of above 
requirements that the reclosing relay per- 
mits a transmission system to render 
maximum continuity of service. Inter- 
ruptions caused by transient faults are 
minimized; hazards caused by untimely 
tripouts are eliminated; coordination be- 
tween breakers and automatic sectionaliz- 
ing switches is made faster and more ef- 
fective; and fuse outages on certain cir- 
cuits are greatly reduced. All of this 
has been definitely proved by 14 in- 
stallations of the relay in the Oklahoma 
Gas & Electric Company’s system over a 
period of 2'/, years beginning January 
1939. Experience also has shown that the 
relay is dependable and virtually trouble 
free—a tribute to the versatile and highly 
developed relays originally created for 
automatic telephone systems. 
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Formulas for the Inductance of 


Rectangular Tubular Conductors 


THOMAS JAMES HIGGINS 


ASSOCIATE AIEE 


HE formula for the inductance per 

unit length of two parallel conductors 
of rectangular cross section, obtained by 
using the formal expressions for the geo- 
metric mean distance of a rectangle to 
itself and the geometric mean distance 
between two rectangles with sides parallel, 
is exceedingly cumbersome. More than 
a score of logarithms and are tangents 
must be evaluated when computing the 
inductance for a given conductor spacing 
and cross section. To circumvent such 
lengthy calculations when computing the 
reactance of like parallel rectangular strap 
conductors, Dwight'? has published 
curves, each plotted for a certain con- 
ductor spacing and cross section, from 
which the reactance can be obtained. 
Unless, however, the conductor spacing 
and the ratio of conductor thickness to 
breadth coincides with those values for 
which the curves are plotted, interpola- 
tion is necessary. Recently Roth*® has 
expressed the inductance of such lines in 
the form of a rapidly converging series, 
the parameters of which are the spacing 
and dimensions of the conductors. Usu- 
ally, a few terms of this series suffice to 
yield a value of inductance sufficiently 
accurate for all design purposes. 


As regards rectangular tubular con- 
ductors, the only analytical literature is 
a paper by Dwight and Wang?‘ giving 
formulas for thin square tubular conduc- 
tors. These are derived on the assump- 
tion that the conductor walls are so thin 
that the sides can be considered as but 
line segments. The geometric mean dis- 
tances for such segments are then used to 
calculate the inductance. Such a pro- 
cedure is equivalent to asserting that the 
current flows solely on the surface of the 
conductors. It follows, then, that the 
values of inductance computed on this 
basis will be Jess than the actual values. 
Consequently, while these formulas suf- 
fice for many calculations on square 
tubular conductors, if accuracy is a 
desideratum of design this minimization 
of thickness restricts the range of ap- 
plication of these formulas to very thin 
square tubular conductors. Recognizing 
this restriction and noting, further, that 
commercial conductors have rounded 
corners, Dwight and Wang give formulas, 
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empirically deduced, from which cor- 
rections for thickness and for rounded 
corners can be calculated. 


The inductance of rectangular tubular 
conductors of appreciable thickness (and 
not necessarily square) can be obtained 
from equations given by the author® for 
the case of a line composed of two parallel 
conductors, the cross sections of which 
are geometrically similar but dimension- 
ally different hollow rectangles. How- 
ever, as these equations are implicit 
rather than explicit, they are ill suited to 
numerical computation. Yet, in light of 
the increasing use of rectangular tubular 
conductors for main bus bars, electric 
furnace installations, and other heavy 
current duties (especially feeders for bat- 
teries of welders), it is most desirable to 
have formulas with which one can cal- 
culate quickly the inductance for any 
conductor spacing or cross section. Such 
formulas are derived in this paper, it 
being assumed that the conductors are 
nonmagnetic, square cornered, of such 
length that end effects are negligible, and 
carry currents uniformly distributed over 
the cross sections of the individual con- 
ductors. 

Although obtained through a procedure 
involving rather intricate analysis, the 
formulas themselves are simple in nature. 
With them a designer can calculate 
rapidly the inductance of a single-phase 
circuit composed of solid or tubular rec- 
tangular conductors; or of a three, six, 
or twelve-phase circuit composed of solid 
or tubular rectangular conductors, the 
axes of which lie in a plane. 


I. The Formal Solution 

With reference to figure 1, we seek A, 
which satisfies the differential equations 
V24,=47w over C; (1) 
V?A,= —4rw over Cy (2) 


V?A,=0 over the remainder of the right 
half-plane (3) 


and the boundary conditions 
A,=0 at infinity (4) 


A,=0 on the line x=0 (5) 
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adage on the line y=0 (6) 
oy 


The boundary conditions are obtained 
as follows: (4) from knowledge that the 
vector potential vanishes at infinity ex- 
cept for an arbitrary constant, taken here 
as zero; (5) from observation that the 
line x = 0 and the left-hand portion of 
the circle of infinite radius constitute, in 
the limit, a line of induction, whence, 
lines of induction being lines of constant 
vector potential, the vector potential is 
zero as on the circle at infinity; (6) from 
noting that the horizontal component of 
induction density vanishes on the line 

= 0, or B, = 041/Oy = 0. 

For the problem at hand, A, is an even 
function of y, an odd function of x. Ac- 
cordingly, A; is expressed by the double 
Fourier integral 


A, =(4/7?)X 


ee A(X, Y) sin MxX 
0 0 0 0 


cos Ny cos NY sin MXdXdYdNdM (7) 


the same satisfying (5) and (6) uncon- 
ditionally, and (1), (2), and (3) provid- 
ing A,(X, Y) or an integral containing 
A,(X, Y) is appropriately determined. 
Thus, if the double Fourier integral ex- 
pressing the current density at any point 
in the conductors, 


wntaren f if i if w(x, ¥) X 
0 0 0 0 


sin Mx cos Ny cos NY X 
sin MX dXdYdNdM 


fo} oo h dt+e 
= (4/7? wsin Mx 
0 0 0 d—e 


cos Ny cos NY sin Mx dXdYdNdM 


fo) eo 1 
(sale fo if MN NyX 


sin NA sin Md sin MedNdM (8) 


is substituted in the right-hand member 
of 


4(M?2+ N®) /x2X 

i, ff i f A(X, Y) sin Mex 
0 0 0 0 

cos Nycos NY sin Mx dXd Yd Nd M =4rw (9) 


obtained by substituting (7) in (1), we 


Paper 41-168, recommended by the AIEE com- 
mittee on basic sciences, and presented at the AIEE 
Southern District meeting, New Orleans, La., 
December 3-5, 1941. Manuscript submitted July 
23,1941; made available for preprinting October 6, 
1941, 


THOMAS JAMES HiGcins is assistant professor of 
electrical engineering, Tulane University of Louisi- 
ana, New Orleans, La. 


This paper is based upon a thesis submitted by Pro- 
fessor Higgins to the faculty of Purdue University 
in June 1941 in partial fulfillment of the require- 
ments for the degree of doctor of philosophy. 


1. For all numbered references, see list at end of 
paper, 


ELECTRICAL ENGINEERING 


have, on comparing the two members of 
the resulting equation 


f if; A,(X, Y) cos NY sin MYX 


sin Nh sin Md sin Me 


MN(M?+ N®) (10) 


dXdY =8rw 
Finally, substituting (10) in (7), we have 
for A, 


“sin Md si -sin M3 
Anten/) sin —— sin ax. 
0 


) [eee (11) 
0 N(M?+-N?) ‘ 


For the current distribution of figure 2 
we have, analogously, 


Met ste/:) ip reds 
0 


© sin NH cos N: 
—————_— ENEM (12) 
0 N(M?+ N?) 


Superimposing the current distribu- 
tions of figures 1 and 2 results in that of 
figure 3. The corresponding vector po- 
tential is 


A=A,;+A2 (13) 


The total electromagnetic field energy 
W is, by symmetry, four times that as- 
sociated with the current flowing through 
the shaded portions of figure 3. Thus, 
from theusual expression, W=!/2fAwdS, 
we have 


h d+e 
W=2 ip ip Awdxdy— 
0 d—e 
H d+E 
2 ii i Awdxdy 
0 d—E 


(14) 


Y 
| 
ro | | 
[es 


Figure 2 
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Substituting (11) and (12) in (13), and, 
in turn, (13) in (14), we have 


W =(64w?/a) X 


aes sin Md sin Me sin Mx 
0 d-e/ 0 M ‘ 


ie sin Nh cos Ny ANd Mad 
0, NON oat 


(64w?/m) X 


iE pod hee Md sin ME sin Mx 
0 a= 0 M 


ah © sin NH cos Ny dNdMand 
0 NA+) aces 


(64?/m) X 


OT Bo “sin Md sin Me sin Mx 
ee ee 
0 a—E J0 M 


ie sin Nh cos Ny dNdMded 
0  NAP+N ie 


(64w?/) X 


eae 2 Md sin ME sin Mx 
; x 
0 i—FJ0 M 


if © sin NH cos Ny dNdMaxdy (18) 
o  N(M?+N?) sae 


These integrals are such that the order of 
integration can be varied as desired. Ac- 
cordingly, integrating first with respect to 
x and then with respect to y, we have 
after collecting terms 


W =(128 »2/ vhs sin? Md sin? ley, 
— 20” / 1 " Me PS ng males 


- sin? Nh dNdM+ 
0 40 N* M?-+ N?) 


° sin? Md sin? ME 
(128w?/7) a 
0 M? 


ao z 3 
erent NE en ae 
0 NXM?+N?) 


(256w?/a) X 


@sin? Md sin ME sin ied 
0 M? 


? sin NH sin Nh 


ee ANIM, M16) 
0 N*( M?-+- N?) 
Now® 
° sin NH sin Nh AN 
0 NX MPN?) 
=—"_(MH—e-™" sinh MH) (17) 
2M3 
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Substituting appropriately in (16), we 
have 


o : 2 . 2 
wow ff sin? Md sin Ue. 
0 M> 


(Mh—e~™" sinh Mh)dM+ 


oo & 2 . 2 
out f sin? Md sin MES 
0 M® 


(MH —e~™* sinh MH)dM— 
cabal : : 
rae ff sin? Md sin ME sin toby 
0 M5 
(MH—e~™" sinh MH)dM (18) 


The third integral in (18) can be written 
as the sum of two integrals, such that W 
is expressed as the sum of four like in- 
tegrals, Doing so, we have 


@ sin? Md sin? M 
wow f sin sil x 
0 M* 


(Mh—e—™" sinh Mh)dM+ 


© sin? Md sin? ME 
rey sin sin 5, 
0 M® 


(MH—e ™“# sinh MH)dM— 


=? sin? Md sin ME sin M 
ipsiat i sin sin sin Ge 
0 M® 


M(h+H) 
| ae — 2) —€. Ler sinh Lie) te ae ae 


@ sin? Md sin ME sin Me 
128w? x 
0 M5 


= _ M(k—#) Aes 
ee Ee. ee ee Daa 


2 
(19) 


Each integral of (19) is of the form 


Wie 


filvr, Xa; X3, Xa) —"/ofo(x1, Xa, X3, X4, Y) (20) 
As shown in the appendix 


Pei 
fi a4f me sin Mx, sin Mx, sin Mx3 X 
sin Mx, dM 


8 
spi (Dee 


t=1 


(21) 
k, designating any one of the eight pos- 
sible terms to be formed from 

(xy + X93 = x4) 


by arbitrary selection of the plus and 
minus signs, while p is the number of 
minus signs in k;. 

For f. we have 


oo it 4 
nae f Tc sin Mx, sin Mx, sin Mx3X 
0 
_ My M 
sin Mxje 2? sinh oo dM 


1 8 
area What Tam). 


t=1 


(22) 
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where k; and p have the same significance 
as in (21), and 


Fk 9) = (kit 6 yk? + 94) log (ke + y2)'/*+ 
4yki(ki?—y?) tan—\(ki/y) —k4 log |ki| (23) 


The fifth column of table I contains the 
values of k; used in evaluating the first 
two integrals in (19), while those for the 
second two integrals of (19) are in the 
sixth column. 

Defining new variables, r=2e, R=2E, 
s=2h, S=2H, D=2d, and t=e—E= 
h—H, evaluating each integral of (19) 
by means of (21) and (22), and collecting 
terms, we have for the terms of (19) 
taken in order 


W=w*{ Wr, s)+W(R, S)— 
2(W(R+#t, S+t)—Wt, S+#)]+ 


2(WiR+t, t)—Wit, t)]} (24) 
where W(r, s) is defined by 
Wr, s) =1/6(2F(D, s) —F(D+r, s)— 
F(D-—r, s)+2F(r, s) —2F(0, s)+ 
4rr2s(83D—r)] (25) 


Collecting the terms of (24), we have 


Ww |W(r, s) + WR, S)+2W(t, StO+ 
2W(R+t, t) -2W(R+t, S+t)—-2Wit, t)] 
(26) 


The energy W being known in terms 
of the dimensions and spacings of the 
conductors, the inductance can be ob- 
tained at once from the usual formula, 
W='1/.LI?. Hence 


L=2W/w*(rs—RS)? abhenries per centi- 
meter of line length (27) 


If R=S=0 we have solid conductors, and 
(27) becomes 


L=2W(r, s)/(wrs)? abhenries per centi- 
meter of line length (28) 


The 60-cycle reactance per thousand 
feet of conductor is obtained by multi- 
plying L by 5.74 X 107%. 


II. Series Expressions for L 

We turn now to finding series expan- 
sions which enable one to calculate 
quickly each of the terms of (26). Ex- 


panding (25) in powers of 7, we obtain 


Wr, s)= ‘20. s) —2F(0, s)+ 


0? F(D 
4rr?2s(3D —r) —r? es = 
oD? 
r* OfF(D, 5) erie ot ED) S) 
2-3! oD* 3-5! oDs ie: 


(29) 


The details of the expansion and expres- 
sions for the various derivatives, in terms 
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of the dimensions and spacing of the con- 
ductors, are given in the appendix. Sub- 
stituting appropriately in (29) and col- 
lecting terms, we have 


wee ar} {Z al 3 med 
2 2 rrt 52 


D2 7 D? an sf aaah 
eee ] — 
: a i i 

= = log 


pp! 5? " 


* asp tan—! (s/D) — 


2 258 
~ rs tan—! (s/r) Efe tan—} (r/s) — 
3 3r 


(ee D2—s? ee 

ab cen phe 

1 (D%—s?)?—4D%s7] 8 
EE (D2-557)$ lem 


[ ly me ee) t 
Ds (D2+52)6 hae i 
(30) 


If r<s, (30) can be put in a more con- 
venient form. Utilizing the power series 
for log(1+x) and tan—1x, we have after 
expanding appropriately in (30) and col- 
lecting terms 


a ie 


Wr, s) =n) ¢ 5 log 


DS a 
Qe 


2, 2 2 
aes oa a pe - 


+2sD tan~! (s/D)— 


75 12 SIDE 


rs EF DA— 52 ey r8 

180 Soe |i 
E (D?—s?)?—4D%s?_ 1 
DO (DES ala 


If r<s and, in addition, D>s, we can 
expand (381) still further obtaining 


ID ie 
W(r, s) ~2e) logs, 
GS 


250 1 r>(D?-+s?) mr lees? 
rene te joe. 7 


2 35 ' 12 D? 
best pape se 1 he 
60 D* 168 D® 180 s4 


E 522 —54 

D? ot | ; 
1 

=2r'st) Jog —+ n?X 
m 


2) il 3 
[2-4 log mtn) [43% uit a 
3s 


72 12 
mim mh 
60 168 180 
[ms tome ; (32) 
(1-+-m?)? area 


where m=s/D and n=r/s. 


Higgins—Inductance of Tubular Conductors 


If, however, r<s and s>D, we have © 
from (31) 


3 
W(r, s) Se Ca m2) 


m+ m& mé§ 


™m 
—+4+—-——+,..- +X 
12 60 168) 3 


He 
m2 180 
a eel 
Es (m2-++1)? 


where now m=D/s and n=r/s. 
If r>s, we have from (30) 


a 

Wr, s) =2r?s? 5 tog — 

10k: «JOR 

—— log a = tan~! (s/D) — 

2s? 
rv? Di4s? as se s 26 
Gli | loca 
jas 8 ps Br all of; 

UL eae 1 sets Vers 

180 r4 1,680 r® 180 s? 


poe 
D2? (D2+r2)2 

If r>s and, in addition, D>r, we have 
from (34) 


Wr, s) <2) N= 
n? 3 «wn 25n? n* n® 
as 1 = a a 
6 08 "t+5-3 + 7 Tig0 L680" 
m? m4 ms 
i2= 605 168 see 
1 2 D?— 2 
ae SES ee Uae 
18014 (D247) 


‘ where m=s/D and n=s/r. 


If r=s, we obtain from (30) 


D?+r2 


v2 


D? 1 2 2 
E +3 log 2 = i tan—! (r/D) — 


2r2 12 
r2 1 D?—r? 
1.579893 — — | — ————__ |— 
180 _D? (D?+r?)2 


te A (ate ee eee 
1,680|_D4 — sae ge OS 


(D?2+r?)4 
If r=s and, in addition, D>7, we have 
from (36) 


W(r, s) =ar'4 3 log 


4 


W(r, s)= ar) 0.805087 — log na * 


mm 
= if = 
180 


E een r 
(l= m?)4 


where m=r/D. 


1—m? |- m4 
(1+m?)? 1,680°° 
- (37) 


ELECTRICAL ENGINEERING 


a. Identification of the Terms 
of (24) 


As (28) can be written in the form 


L=4 log (Du/Du) =2W(r, s)/(wrs)* (38) 


where Dy is the geometric mean distance 
between C, and Ci, while D,, is the 
geometric mean distance of C; or Cy to 
itself, these latter can be expressed as 
functions of the terms of (25). Our ex- 
pressions are somewhat simplified if we 


introduce the new function 
Gk, y) = F(R, y) —2ry]ki|(k2—y*) (39) 


Comparison of W(r, s) with expressions 
for log Dy and log Dy given elsewhere® 


| reveals that 

12r?s? log Dy=2G(D, s) —G(D-+r, s)— 

: G(D—r, s)—25r*s? (40) 
' 12r3s* log Du = —2G(r, s) +2G(0, s) + 
4ars’—25r2s? (41) 


Similarly, from W(R, S) we have 


12R*S? log Ds3=2G(D, S)—G(D+R, S)— 
G(D—R, S)—25R*S? (42) 


12R2S? log Da=—2G(R, S)+2G(0, S)+ 
4eRS'—25R2S? (43) 


‘Like (28) written in the form of (38), 
we have for (27) 


4 
L=— psp (8 log Duct RS? log Dat 


2rsRS log Di—r*s? log Dy—R?S?X 
log Dx2—2rsRS log Dj3) (44) 


Substituting (26) in (27) and comparing 
the resulting expression with (44), it 
follows that the as yet unidentified 
members of (26) must equal 


—4rsRS log Dy+4rsRS log Dy (45) 


Obviously, of the unidentified terms of 
(26), those containing D comprise the 
first component of (45), those not con- 
taining D comprise the second component 
of (45). We have, then, 


12rsRS log Dis=G(D+t, S+t) —25rsRS 
G(D—t, S+t) -—G(D+R+4, S+t) — 
G(D—R-t, S+t) —G(D+4, t) —G(D -t, t)+ 
G(D+R+1t, t)+G(D—R-t, t) (46) 


12rsRS log Dy =2G(; S+t) = 
2G(R+#, Stt) +4rR(S+1)3— 
2G(t, t)+2G(R+4t, t)-—4xRt3—25rsRS (47) 


where (D—R-t) >0. 

It is evident that (40) to (47) inclusive 
are of particular value: with them one 
can calculate the inductance or reactance 
of any arrangement of like solid or tubular 
busbars, the axes of which lie in a plane. 
For as detailed in most texts on trans- 
mission theory, if there are 2 conductors 
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constituting a polyphase circuit, the 
reactance of an individual wire (for ex- 
ample, wire a) is given by 


¥q=0.2794 ) > (Iy/Iq) log (1/Dyq) ohms per 
j=1 
mile at sixty cycles 


where 


yi 4=0 


j=1 


Or again, if » conductors constitute a 
single-phase circuit, the inductance is 
given by 


L=>) Y(-2/)yhk log Dj, abhenries 


j=1 k=l 
per centimeter of line 


IV. An Illustrative Problem 


As an illustration of the rapidity of 
convergence of the formulas developed 
in section III, we now calculate the re- 
actance of a line composed of square tu- 
bular conductors. We use the dimen- 
sional data of a like problem to be found 
in the previously mentioned paper of 
Dwight and Wang,‘ and thus simul- 
taneously determine the magnitude of the 
minimization in the basic formula pre- 
sented therein, the same being due to 
neglecting the thickness of the conduc- 
tors when deriving this formula, and the 
accuracy of the formula given for cor- 


recting for the effect of thickness. The 
data follow: 
r=s=2.5 inches; t=0.5 inch; D=10 


inches; 

f =60 cycles per second; 

X =0.0443 ohm per thousand feet of con- 
ductor; 

L=38.85 abhenries per centimeter of con- 
ductor (calculated from X), 


For the data given, we have from (26) 


W/w?=W(2.5, 2.5) +W(1.5, 1.5)+ 
2W(0.5, 2)+2W(2, 0.5) -2W(2, 2) — 
2W(0.5, 0.5) (48) 


Thus, to determine W/w? each of the 
terms of (48) must be calculated. From 
(37) we have for the terms taken in 
order: 


W(2.5, 2.5) =78.125(0.805087 + 1.386294 + 
0.0000977 —0.0000589) 


= 171.203 
W(2, 2) =32(0.805087 + 1.609438+- 
0.000040 — . . .—0.000025) 
=77.264 
W(1.5, 1.5) =10.125(0.805087 + 1.897120+ 
0.000012 — . . . —0.000008) 
= 27.359 
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W(0.5, 0.5) =0.125(0.805087 + 2.995732 + 
0.000000 — . . . —0.000000) 
=0.475 


From (32) we have 


W(0.5, 2) =2(1.609438+-0.035875-+ 
1.500000 —0.261799 +-0.003333 —0.000027 + 
.. -+0.000022+ .. .) 


=5.774 
From (35) we have 


W(2, 0.5) =2(1.609438—0.003329+- 

0.014441 +- 1.500000 —0.261800+0.021703 + 

0.000022 — . . .+0.000283—. . . — 0.000026) 
=5.761 


The computation necessary to obtain 
each of these values of W(x, y) was per- 
formed on an automatic calculating ma- 
chine. As a check on both the computa- 
tion and the series expansions, each value 
of W(x, y) was then computed inde- 
pendently from (80). Agreement of the 
first five digits was interpreted as veri- 
fication of the expansion and the first 
computations. 


Figure 3 


Substituting in (48) as indicated, we 
obtain 
W/w? =171.203+ 27.359 + 11.547+-11.522 — 


154.528 —0.950 
= 66.158 


From (27) we have for the inductance 


L=66.153/(6.25 —2.25)?=4.135 abhenries 
per centimeter of conductor 


Multiplying L by 1207/10° we obtain the 
reactance, 


X =496.17/10° ohm per centimeter of con- 
ductor 


Converting to more suitable units, we 
have 


X =496.14 X 2.54 12 103/109 
=0.0475 ohm per thousand feet of con- 
ductor 


Comparing this with the uncorrected 
value given by Dwight and Wang— 
namely, 0.0443 ohm per thousand feet 
of conductor, uncorrected—we find that 
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our value is 0.0032 ohm per thousand 
feet larger; or, the difference due to 
neglecting the thickness of the conductor 
is, in this case, 6.7 per cent. If the con- 
ductor were larger with correspondingly 
thicker walls, the per cent difference 
would probably be greater. 

For this problem Dwight and Wang 
obtain from their correction formula 
0.0026 ohm per thousand feet increase 
due to thickness. Accordingly, adding 
this value to the original value yields 
0.0469 ohm per thousand feet of con- 
ductor. The difference is now but 
0.0006 ohm per thousand feet of con- 
ductor. Accordingly, in view of this 
close agreement one might conjecture 
that in calculating the reactance of 
identical, square tubular conductors for 
purposes other than wherein extreme ac- 
curacy is required, that so far as time of 
computation is concerned the simpler for- 
mulas of Dwight and Wang can be used to 
the advantage of those given in this paper. 
If, however, the conductors are other than 
both square and identical the formulas of 
this paper must be used perforce. 

A glance at the individual values of 
W(x, y) will reveal the extreme rapidity 
with which they converge. As only 
three decimal places were used in cal- 
culating W/w? from (48), it would have 
been necessary to have computed only 
the first two terms in each of W(2.5, 2.5), 
W(i.5, 1:5), W@, 2), and W(O:5, 0:5). 
Likewise, several terms could have been 
omitted in W(2, 0.5) and W(0.5, 2). 


Appendix 


I. Determination of the Integrals 
f, and f, 


We can transform f: as follows: 


sin Mx, sin Mx. sin Mx3sin Mx, 


vail pe 
0 Me 


— My 


My 
€ 2. sinh ae dM 


sin Mx; sin Mx. sin Mx3 sin Mx 


- i Ms 
y foe) 

= sin M3 sin Mx, 

one M4 


Substituting the value of the infinite inte- 
gral,’ we have 
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ee HG Byki? —9") tog (Rt + yoy 


=e “ya 
sin Mx, sin Max 


e ” dMdy 


(=1)4| Byte) x 
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Tablel. Values of Kj for Evaluating Equation19 
xi=x2=d Xi=xX.=—d 
Xi Xe X3 X4 1 i 
X3=X4=e xg=e; x4=E 
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ate ate) aes tae nel e. | dalatanenelte —(e+E) 
Ae os aie ee elena ye Che Waacicc rea e—E 
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k, designating any one of the eight possible 
terms formed from the member (x)=x2+ 
x34) by arbitrary selection of the plus 
and minus signs, while p is the number of 
minus signs in kj. Integrating and collect- 
ing terms, we obtain 

8 


il 
=i) (—1)4| (ht 69k 99) x 
4 4=1 


log (ki2+y2)'/?+-4yki( ki? 


fa 
hy 
—vy?) tan! Le 
ey) 
k;* log | 


“> aac) 


where F(k;, y) stands for the expression 
within the brackets. 
Noting that 


a if sin Mx sin Mx sin Mxsin Ms 
0 


M4 


foo} 
Seder 
e/a0) 


sin Mx, sin Moe sin Mxz sin Mx 
M+ 


we obtain on substituting for the infinite 
integral 


_, bien _4)P 2 
p= im (—1) | ee Byki) X 
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II. Expansion of W(r,s) in a Power 
Series 


dM 


By definition 


Wir, s) =1/6[2F(D, s) —F(D-++y, s) — 
F(D—r, s)+2F(r, s)—2F(0, s)+ 
4rr?s(3D —r)] 
Now 
K(x, s) =2F(D, s) —F(D+r, s) —F(D=—r, s) 


considered as a function of « alone, can be 
expanded in a power series about the point 
x=D. Accordingly, by Taylor’s theorem 


we have 
A 2020 DNs) 7 04D s) 
K(x, s)=—r = 
oD? 2:3! oOD4 
r§ OSF(D, s) 
351. OD' ~ 


Higgins—Inductance of Tubular Conductors 


where 


F(D, s) =1/2(D4—6D?s?+5*) log (D?+s*) — 


D‘ log D+4(sD*—Ds°) tan™* — 
oF(D, 
ae = (2D3—6Ds*) log (D3 +s?) —4D*X 
D 
log D+4(sD?—s*) tan aa 
A F 
OPF(D, s) _ =6(D?—s?) log (D?+s%) —12D?X 
oD? 
D 
log D+24Ds tan! = —7s? 
OeF(D, 
TAINED) hc log (D?+s*) —24D log D+ 
oDs 
24s tates 
ot F(D, s) 
eee 12 log (D?-+5?) —24 log D 
O'F(D, s) 24s? 
oD D(D?+s?) 
ofF(D, Daag 2 PD 
oD ~~ | D2 (D2+s2)2 
ol FD, 5) =15] i eee 
oD = Ds (D?+s2)8 


o®F(D, s) le (D2? —s?)2—4s2p?2 
ee D4 (D2+5?)4 


o'F(D, 1 
PFD, s) =s70| - 


oDs Ds 
—D5+10D*s?—5Ds* 
(D?+5?)5 
O° F(D,s) 1 
— Spw = 2,880 Te 
(D2 —s?)8—12s2D2(D?—s2) 
(D2+5?)6 
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ELECTRICAL ENGINEERING 
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In 1921, NORMA-HOFFMANN introduced the Cup 
Mounting—the forerunner of all-self-protected ball 
bearings. From this, through progressive stages (as 
shown above) has evolved the NORMA-HOFFMANN 
“CARTRIDGE” BALL BEARING—an ultra-modern 
type embodying 30 years of PRECISION BEARING 
manufacture and offering to industry the following 
distinctive advantages: 


SIMPLER AND MORE ECONOMICAL MACHINE 
DESIGN, due to elimination of many costly mounting 
parts and machining operations, otherwise required; 
EASIER AND FASTER MACHINE ASSEMBLY AND 
DISASSEMBLY, since the “CARTRIDGE” BEARING is 
an integrally sealed unit needing no complementary 
mounting parts; 100% GREATER GREASE CAPACITY, 
due to double-row width creating a greatly enlarged 
grease reservoir; COMPLETE AND LASTING EXCLU- 
SION OF DIRT AND FOREIGN MATTER by the use of 
tightly fitting, wearless, all-metal seals; SEALED FOR 
ANY POSITION, since the seals retain the lubricant 
regardless of shaft angle; EASY REGREASING AND 
INSPECTION WITHOUT DISMOUNTING, by means of 
refilling plug and removable seals. 


Write for the Catalog. Submit your bearing problems for study 
and recommendation, without obligation. NORMA-HOFF- 
MANN sales and service engineers, and distributors in principal 
Cities stocking ‘“CARTRIDGE” BEARINGS, are at your service. 


"AURMA-AVFFMANN’ 
CARTRIDGE 


BALL BEARING 


PRECISION BALL. ROLLER and THRUST BEARINGS 


NORMA-HOFFMANN BEARINGS CORP’N., STAMFORD, CONN., U.S.A. © FOUNDED 1911 
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Streets, Easton, Pa. Editorial and advertising offices, 
and South America, Haiti, Spain and Spanish colonies; 


ELECTRICAL ENGINEERING. Published monthly by the 


Ferranti 
AIR COOLED INDUSTRIAL 
TRANSFORMERS 


It doesn’t matter what your prob- 
lem may be—we can solve it for you! 


The field isn’t new to us—we've 


been in it for over sixty years! 


To see YOU through the present 
emergency we have doubled and re- 
doubled our manufacturing facilities 
—and we can give you surprisingly 
quick deliveries. 


In the interest of NATIONAL 
ECONOMY you can best do 
YOUR share by cutting operating 
costs with Ferranti AIR COOLED 
TRANSFORMERS. 


Units are supplied in standard or special 
types—to suit your own particular applications. 


Send us your specifications—we’ll do the rest! 


FERRANTI ELECTRIC, INC. “xcosy" 


Ferranti Electric, Ltd., Toronto, Canada * Ferranti, Ltd., Hollinwood, England 
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COPPERWELD 


Ci ... Vital in a thousand ways to 
defense... must be used wisely. For example, 
using OVERSIZE copper conductors to 
obtain MECHANICAL strength is wasteful 
of precious material. The steel core of the 
Copperweld wire provides mechanical 
strength in Copperweld or Copperweld-cop- 
per Conductors. The copper need only do the 
job that copper does best—conduct electricity. 

Typical applications of copper-saving 
Copperweld are: power conductors for elec- 


tric transmission and distribution systems, 
telephone line wire, telephone drop wire, 
telephone interior wiring, railroad signal line 
wire, railroad telephone line wire, and tele- 
graph line wire. 

Copperweld wire may also be usea for 
many mechanical and non-electrical applica- 
tions where brass or bronze wires have been 
employed. 

COPPERWELD STEEL COMPANY, 
GLASSPORT, PENNA. 


AND COPPERWEL 


COPPER WIRES 
100% COPPER 


DUCTORS CONSERVE 


{ COPPERWELD WIRE 
30% COPPER (OR 40%) 
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COPPER 


‘more than 2000 horsepower’’—18 cylinders. It’s the 
world’s most powerful air-cooled aircraft engine. De- 
veloped by Wright Aeronautical Corporation with the 
aid of the U. S. Army Air Corps. Among others provides 
power for the 52-passenger Consolidated Flying Boat, 
the 82-ton Douglas Bomber, the world’s largest airplane; 
the Pan-American Clippers, TWA Stratoliners, and the 
U'S. A. “Flying Fortresses.”’ 


Irvington New Improved Wire Markers arc 
used on these engines and other engines made by Wright 
Aeronautical for identifying the ignition wires. 


Irvington Wire Markers for aircraft engine ignition 
systems, machine tools and many other applications 
where a number of terminal wires must be marked are 
made of lengths of insulation tubing, varnished impreg- 
nated inside-and-out for quick assembly. Suitable identi- 
fication is printed with a special formulated ink. 


Eliminates use of metal identification tags with the 
danger of short circuits in confined areas or die stamping 
the terminals. 


Comes in 2 standard lengths—2 
diameters (nominal ID .263 or 
.294) and 2 lengths of symbols. 
Other sizes can be furnished on 
special order. 


Write Dept. 36 


VARNISH & INSULATOR CO. 


z pROARO OF THE or, 


VIN PLANTS AT IRVINGTON, N. J. and HAMILTON, ONT., CAN. 
ii Representatives in 20 Principal Cities 


TRADE ane 
#1 uv pat off ‘ 
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IRVINGTON, NEW JERSEY, U.S. A. 


for. MERCURY SWITCHES, 
RELAYS cud CONTROLS 


American Lava Corporation has developed several 
ceramic compositions which are well suited for mercury 
switches, relays and controls. They are not attacked 
or “wet” by mercury. They do not oxidize, corrode, 
dust or flake. They resist erosion. They are absolutely 
and permanently rigid, are shock-resisting, withstand 
heat and arcing, have high mechanical and dielectric 
strength. Parts are accurately custom-made to the blue 


prints of the manufacturer. 


For permanently trouble-free insulation, follow the 
leaders ... specify ALS1Mac. 


JEFFERSON 
ELECTRIC 


in S {Ml INE _FROM sic HEADOUARTEO 


| Troe Mark Reg U.S Pat OM 


AMERICAN LAVA CORPORATION - CHATTANOOGA » TENNESSEE 


CHICAGO « CLEVELAND. + NEW YORK « ST. LOUIS - LOS ANGELES + SAN FRANCISCO + BOSTON = PHILADELPHIA e WASHINGTON, D. C. 
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‘THE Standards of the American Institute 
of Electrical Engineers now comprise forty- 
five sections on electrical machinery and 
apparatus. They are chiefly devoted to de- 
fining terms, conditions, and limits which 
characterize behavior, with special refer- 
ence to acceptance tests, and many of 
them are recognized officially as American 


Standards. 


The Standards available are listed below, together with prices. A discount of 50%, on single copies only, is allowed to Institute 
members (except on Nos. C57.1, 2, 3, and C37.4). Such discount is not applicable on extra copies unless ordered for other mem- 
bers. Numbers of the Standards sections should be given when ordering. A binder (illustrated above) for standards ie avatlable 
with durable, stiff covers, resembling leather, lettered in gold. Price, $1.75 net. 


AIEE STANDARDS 


(Figures in Parentheses Give Dates of Latest Editions) *39 Het eS Welding Apparatus (1-34)...... an 
No. 1 General Principles Upon Which Temper: 418. ‘Intulaior Tests Gal) | a? 
ture Limits Are Based in the Ratng © A proposed revision of No. 41. No charge. 
Electrical, Machinery (6-40)6= + 622. -% $ 0.40 45 Recomimanciad Practice for Electrical Instal- 
1A Principles for Ratins for Short-Time, Inter- lations on Shipboard (7-40)..........-- 1.50 
Pe eee ent ochras) a ofS Hard Drawn Aluminum Conductors (6-27) .20 
+ Measurement of Test Voltage in (Diclectric C8.5 Specifications for Cn Ce re d 
TETHCUIO Mes, sp ie ee eee 40 Spe Mog aa 
* 50 R t ti El tri ] M hi : S ed ‘ pet . om © B14i)6) Gt 10 e = 2). 6'°G 6 © CeO. oe Ca 00S) ae 
Cc “Nes. & 7.8, 9, a 7 joes ee a 1.30 C8.6 Specifications for Silk-Covered Round Cop- 
“11 Rail Motors (3-37) 50 per Magnet Wire. (See C8.7 for price.) 
Fe ee Se aetna snie cise faeries : *C8.7 Specifications for Enameled Round Copper 
CS7.1 ce Regulators and Reactors Magnet Wire (1936)............2-20- .30 
PANO) Wacko Sony ec ea Oe Ot RRR ie oer, eee (Ga SNaiGiand Oui puclichedinconetm mphlet.) 
C57.2 Test Code-for Transformers, Regulators and “C811 Code Rubber Inaulation for Wire and Cable 
Reactors (1940)... Saag eh en Sea dG for General Purposes (1936)........... .20 
C57.3 Guides for Operation of Transformers **C8.12 Cotton Braid for Insulated Wire and Cable 
i oes Gas ee fox Goneeall Phtzoses (1635) sate ann 20 
Bipemede Atle © Nos 12: 13,14) 400%cnd Tea Code "C8.16 Tree Wire Coverings (1936).............. -20 
for arene STS abe member clecoune does not ely C8.17 Class AO 30 Per Cent Rubber Insulation for 
on price of this publication which is cents net. i 
“15 Industrial Control Apparatus (5-28) cee 40 con oe apa ne Ragen Spratt 20 
*16 Electric Railway Control Apparatus (1-33). .40 **C8.18 Weather-Resistant Wire and Cable URC 
i7f Mathematical Symbols (2-28)............. .30 Type (1936). 2e. 2. eee 20 
17g| Letter Symbols for Electrical Quantities (11- *C8.19 Weather-Resistant Saturants and Finishes 
2B) tt Rls NERS tenet e eee nee .20 for Aerial Rubber-Insulaied Wire aud 
17glA Letter Symbols for Electric and Magnetic Cable (1939). os at gees 20 
Quantities (3-40)... ee sees ee ees *C8.20 Heavy-Walled Enameled Round Copper 
(Proposed revision of No. 1731. No charge.) ; 
™“17g2 Graphical Symbols for Electric Power and Magnet Wire (1939), 7. oot. see ee cee .20 
WatAtatave p GRSVNS © We wae oon oar don anao Gen. 20 500 Test Code for Polyphase Induction Machines 
“17g3 Graphical Symbols for Radio (1-34)....... 20 SECM) eel re Mgt et, 25h Pe ots on Ox 50 
“17g5 Graphical Symbols for Electric Traction In- 501 Test Code for D-C Machines (7-41)........ .50 
cluding Railway Signaling (1-34)....... .40 520 Test Code for Apparatus Noise Measurement 
pl Sm Capacitorsa(6-34 ieee ne nen 0 (3739) 2 ee pee See eee .30 
19 Oil Circuit Breakers (4-38).............. .40 
C37.4 A-C Power Circuit Breakers (1-41)........ .60 Total. Cost of Completes Sek = nu. seen $15.85 


(A proposed revision of No. 19. The member discount 


gon. poepoly on price of this publication which is 60 * Approved as American Standard 
ZOMrAir Cincuitesreakersi (5:50) Mean .30 ** A , j 
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WHAT WILL TEN OR 


70 THE HIGH-VOL 
ON YOUR SYSTEM 


How many lines on your system are still hanging on 
the same insulators installed twenty years ago? On lines 
or stations twenty years old, how many insulators have 
been replaced, and how many are replaced every year? In 
most companies high-voltage insulator replacement runs 
a sizeable annual bill—to say nothing of lost revenue and 
ill-will created by lines being temporarily out of service. 


Maybe you don’t expect high-voltage insulators to be 
permanent. If they hold up a few years and then start to 
need replacement, you think you're getting all you could 
hope for. Under the right circumstances a thin section of 
the best porcelain may puncture. As they contract and 
expand, it’s only natural that nested shells should some- 
times crack. The intense heat of a power arcover can’t 
help but fracture off a thin spreading shell. And so on. 


Ten years ago, Lapp introduced the Post insulator—a 
high-voltage unit with a promise that it would never need 
apologizing for. All of the things that caused failure in 
conventional pin-type insulators were eliminated. A 
sturdy post body, with multiple short petticoats, it prac- 
tically never would give out under power arcoyer or me- 
chanical attack. (When one or two petticoats did let go, 
flashover and leakage values would still be great enough 
to maintain unimpaired service.) It was of one piece, with 
hardware externally attached—no nested shells, no oppor- 
tunity for cracking. It offered unzform leakage distance, 
complete and permanent freedom from radio interference, 
extra rigidity and impact strength. 


The ten-year record of these Post units has gone a long 
way to prove the validity of our original claims. Service 
records show that Lapp Post units don’t need to be re- 
placed; and there’s no reason to guess that the next ten, 
twenty, or thirty years will show anything different. 


Insulation with Lapp Line Posts and Station Posts 
appears to be the closest thing to permanent insulation 
ever offered for high-voltage power transmission. 


INSULATOR CO., INC. * LEROY, N.Y., U.S.A. 


T the bottom of an excavation in downtown Manhattan’, 
Type GF cable met and passed its first test with ease. A 
workman with an air drill accidentally gouged into both the conduit 
and the sheath of a line of this new cable. Not being a cable 
engineer, the workman didn’t report the accident at once. He 
didn’t realize that such a puncture, sooner or later, means “‘lights 
out”? not only for equipment on the circuit but also for the 
cable itself. 


Because the cable was of the new G-E gas-filled type, this incident 
had a happy ending. In less than half an hour after the cable was 
punctured, up drove the power-company service men— without 
having been summoned by the workman. Repairs took little time 
because the break was known in time, and more serious damage 
was avoided. 


The service truck had been called by the cable itself. When the 
sheath was punctured, reduction of pressure, caused by loss of 
gas, operated a pressure relay. This in turn sounded an alarm 
in the control room at the gen- 

erating station. 


A total of more than 140,000 feet 


of Type GF cable is in service. 
Do you have our booklet describ- 
ing this cable? The number is 
GEA-3652. Ask the nearest G-E 
office for a copy. General Electric 
Company, Schenectady, N. Y. 


* System of the Consolidated Edison Co. 
of New York, Inc. 


Three-conductor Type GF cable for 10 to 
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TO ALL OUR CUSTOMERS WE EXTEND 


AND BEST WISHES FOR THE NEW YEAR 


Acme News Pictures, Ine. 
The Acme Wire Co. 
Agfa Ansco Corp. 
Aircraft Accessories Corp. 
Allen Electric & Equipment Co. 
Allis Chalmers Mfg. Co. 
Aluminum Company of America 
American Airlines, Inc. 
American Can Co. 
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Arma Corporation 
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Barber-Colman Co. 
Bell Telephone Laboratories, Inc. 
Bendix Aviation Corp. 
Bendix Radio Corp. 
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Columbia University 
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The Electric Auto-Lite Co. 

Electric Controller & Mfg. Co. 
Electric Specialty Mfg. Co. 

The Electric Storage Battery Co. 
Electrical Research Products, Inc. 
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Emerson Radio & Phonograph Corp. 
The Esterline-Angus Co., Inc. 
Es-B-Es Co., Ltd. 
Fairchild Aviation Corp. 
Fansteel Metallurgical Corporation 
Finch Telecommunications, Inc. 
The Foxboro Company 
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cal Engineering 
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Litton Engineering Co. 
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Magnafiux Corp. 

Magnolia Pipe Line Co. 

Glenn L. Martin Co. 

Massachusetts Institute of 
Technology 

Mellon Institute of Industrial 
Research 
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Michigan State College 

Miller-Seldon Electric Co. 

Mine Safety Appliances Co. 
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Mississippi Power and Light Co. 

Mississippi River Commission 

Mohawk Electric Mfg. Co. 

National Advisory Committee for 
Aeronautics 

National Airlines, Inc. 

National Broadcasting Co. 
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Navy Research Laboratory 
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Bo owbere Canon Telephone Mfg. 


oO. 

Superior Electric Co. 

Swarthmore College 

C. J. Tagliabue Mfg. Co. 

Telautograph Corp. 

Teletype Corp. 

The Tennessee Electric Power Co. 

Toledo Scale Co. 

Times Telephoto Equipment, Inc. 
(N. Y. Times) 

Trans-Lux Corp. 

The Triplett Electrical Instrument 


oO. 
The Trumbull Electric Mfg. Co. 
United Air Lines, Inc. 

United Gas Pipe Line Co. 

United Pressed Products Co. 

U.S. Coast Guard 

U.S. Dept. of Commerce 

U.S. Navy Dept. 

U.S. War Dept. 

U.S. Treasury Dept. 

United Transformer Corp. 
University of Illinois 

Wahl Clipper Corp. 

Wallace & Tiernan Products, Inc. 
Ward Leonard Electric Co. 
Webster-Chicago Corp. 

Western Electric Co., Inc. 

The Western Union Telegraph Co. 
Westinghouse Electric & Mfg. Co. 
Weston Electrical Instrument Corp. 
WOR Program Service, Inc. 
Wright Aeronautical Corp. 


TYPE JE-3 


For outdoor metering applications 
2300 volts and below 


INSULATION 
230, 460, and 575 volts—full-wave, 50 kv; 
2300 volts—full-wave, 60 kv 
ACCURACY 
AW, Y4x, YoY 


GENERAL @@ ELECTRIC 


604-6-6400 


NOW, G.E. OFFERS...A complete 
line of outdoor current and potential 
transformers, 15 kv and below, 
which conform to ASA insulation 
standards 


These new standards, which are met by this now 
complete line of transformers, provide a means 
whereby all apparatus on a line can be co-ordinated 
to have the same insulation strength. This facilitates 
the selection of adequate protective equipment. 


All these transformers meet or exceed the highest 
accuracy standards and can be obtained in a wide 
variety of mechanical constructions to meet every 
installation need. 


Ask your G-E office for a copy of our new bulletin, 
GEA-3650, which covers both outdoor current and 
potential transformers, 15 kv and below. Or write 
General Electric, Schenectady, N. Y. 
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POM Homecare hearts 


big RONEN ONL: BN REALONE 


WESTOA 


ILLUMINATION METERS 


(VISCOR FILTER EQUIPPED) 


measure the illumination from any single or 
any combination of light sources direct . . . 


without correction factors! 


Model 703—Sightmeter— 
for maintaining lighting 
at efficient levels. A com- 
pact instrument for use 
in office, factory or home. 


lJ SING Fluorescent lighting? You can measure it directly 
with a WESTON I/lumination Meter. Are there locations 
in your plant where fluorescent is combined with daylight, 


or with incandescent lighting? You measure the com- 
bined lighting in the same simple way! Just hold the Model G03— Tia: 


mination Meter— 


a precision instru- 


accurate measurement direct in foot-candles. No compli- ment for lighting 


surveys and mea- 


WESTON at the working surface, and you get an instant, 


cated corrections are ever necessary, regardless of the seempenti eal 
oe J - ing a high degree 
color composition of the light. And these WESTON II]lumi- of accuracy over 
= ‘ . ; a broad range of 
nation Meters are available in types, sizes and ranges to ight watnen! 
suit the requirements of shops large and small... as well 


as for laboratory use. All supply the convenience of direct 
measurement... and all furnish the measurement surety 
which is typically WESTON. Full details can be secured 
from the WESTON representative near you, or, by writing 
..Weston Electrical Instrument Corporation, 664 Fre- 
linghuysen Avenue, Newark, New Jersey. 


Model 614 —Illu- 
mination Meter- 
offers compactness 
and wide range cov- 
erage. Hinged cell 
tilts at desired 
angle 


Specialized Test Equipment... Light 
Measurement and Control Devices. ae 
_ Exposure Meters... Aircraft instrumen 


_ Electric Tachometers Dial Thermom 
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“STRAIGHT-EDGE’’ CHARTS Are Hard 
To Get From MICROMAX Pyrometers 


If you want pyrometer records to look as if they were drawn with a straight- 


edge, you may have egal getting them on Micromax Controlling Pyrometers. 
For these instruments are “micro-responsive”’ in recording as well as in controlling 
—they not only correct the tiny temperature changes, but they record them. 
They put down the complete situation honestly and accurately, for the informa- 
tion of all concerned. 


But, just as you'll find the tiny changes—the “wiggles’—shown in abundance, 
so you'll find practically no big changes in the record of any well-made, well-run 
furnace. And the reason, again, is the responsiveness of the Controller. The 
responsiveness which enables the instrument to correct the weaker upsets also 
makes it go after the stronger ones with correspondingly greater energy, and stop 
them before they become big enough to do more than jog the Controller. Tem- 
perature is thus held with the steadiness vital to uniform quality of product. 


For further information about Micromax Control, write for literature. 


Jrl Ad ENT-0600C (28) 


LEEDS & NORTHRUP COMPANY, 


Dies Is Preserved By 
Vapocarb-Hump Hardening 


Manufacturers who have intricate cutting 
tools, dies, etc., to harden and temper, may 
be interested in the heat-treating practice of 
several makers of eyeglasses and spectacles. 


Quenching an eyeglass-frame die, immediately after 
removing it from the Vapocarb-Hump Furnace 
which is standing open at right. 


These plants use, in their heat-treating 
departments, the Vapocarb-Hump Method of 
hardening, the Homo Method of tempering 
and a pump-agitated quench tank. This 
equipment enables the heat-treater to make 
the best possible use of his skill, in the 
following ways: He can prevent the high 
heat of hardening from forming scale on 
the tools and thus spoiling the engraved 
lines; he can prevent soft areas from form- 
ing and thus shortening the life of the 
tool; he can be sure that each tool is heated 
to the exactly correct degree for longest 
life and greatest production. And, after 
giving the tool the exact degree of hardness 
he wishes, the heat-treater can “draw” as 
much or as little hardness out as his ex- 
perience tells him is necessary to toughen 
the tool for its job. 

In these ways the heat-treating depart- 
ment makes each tool do its best; reduces 
the total number required; may exert real 
influence on increasing the plant’s production. 

The Vapocarb-Hump and Homo Methods 
are described in Catalogs T-621 and T-625, 
sent on request. 


Recorder For Furnace Current 


To help in operating big inductance-type 
and arc-type electric furnaces, several com- 
panies have added Micromax load recorders 
to the control panel. Note ease with which 
operator can see details of load record. 


The recorder is almost identical with a 
thermocouple instrument, but requires even 
less maintenance. If interested, write for 
Catalog N-58-161. 


4262 STENTON AVE., PHILA., PA. 


LEEDS & NORTHRUP 


MEASURING INSTRUMENTS - TELEMETERS + AUTOMATIC CONTROLS - HEAT-TREATING FURNACES 


24 & oroduction, 


a record 


) egdaled in the 
| history of insulated 
wires and cables 


ERITE Wghtate? COMPANY INC 


NEW YORK CHICAGO SAN FRANCISCO 
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Tea Wreratare 


[Mailed to readers free—unless otherwise noted—upon request to companies named] 


Insulator Tools.—Bulletin. Describes a 
live line tool set for safely changing to clamp 
top insulators without interrupting service. 
A. B. Chance Co., Centralia, Mo. 


Motors.—Bulletin B6052-B, 8 pp. De- 
scribes the complete line of ‘‘Lo-Mainte- 
nance” motors in ratings from 3/, to 75 hp; 
open, enclosed and splashproof types; a-c 
and d-c. Allis-Chalmers Mfg. Co., Mil- 
waukee, Wis. 


Control Products Index.—Bulletin 585. A 
condensed-index covering air-operated and 
electrically-operated automatic control in- 
struments, recording and indicating instru- 
ments; telemetering instruments for re- 
cording and remote automatic control, and 
engineering services. The Bristol Co., 
Waterbury, Conn. 


Small Motors.—Folder F-86283, 8 pp. De- 
scribes small motors from 1/6, to !/2 horse- 
power, 145 frame size, for general use. The 
standard parts making available more than 
5,000 combinations of type, rating, and 
mounting are illustrated. Charts show 
motor characteristics plotting per cent syn- 
chronous speed against per cent full-load 
torque. Westinghouse Electric & Mfg. Co., 
East Pittsburgh, Pa. 


Lamp Resistor.—Bulletin 26. Describes 
resistor, type K-40878, for use with six watt 
T-5 fluorescent lamps, on either alternating 
or direct current with a manual momentary 
contact starting switch. When operating 
the lamps on 120-volt circuits these resistors 
eliminate the need of an auxiliary. The 
resistor unit can be mounted in any stand- 
ard fixture or wiring trough, and is insu- 
lated for 15,000 volts to ground. Ward 
Leonard Electric Co., Mount Vernon, N. Y. 


Industrial Control Equipment.—Catalog 
8301, 56 pp. Describes and illustrates 44 
industrial controls and safeguards such as 
temperature controllers, pressure controllers, 
humidity controllers, float switches, combus- 
tion safeguards, etc. Complete specifica- 
tions and informative details are given for 
all types. The first few pages contain a 
primer of automatic control. The three 
classes of such control,—electric, pneumatic 
and combined electric and pneumatic are 
fully covered. The Brown Instrument Co., 
Wayne & Roberts Aves., Philadelphia, Pa. 


Fuse Links.—Bulletin 104, 8 pp. Describes 
series 100-E and 50-E universal fuse links, 
designed to comply with new NEMA 
standards. Other fuse links for cutouts are 
also covered. Contains considerable tech- 
nical information and includes transformer 
fusing chart and fuse coordination table 
with directions for use. W. N. Matthews 
Corp., 3700 Forest Park Blvd., St. Louis. 


Transformers.—Bulletin GEA-3650, 16 pp. 
Describes a complete line of outdoor type 
current and potential transformers of 15 kv 
and below. The bulletin is conveniently 
made up with accordion-fold pages, which 
allow insulation characteristics, accuracy 
classifications, ratings, and prices of the 


various units to be seen at a glance by- 


spreading the contents out flat. General 


Electric Co., Schenectady, N. Y. 


Analyzing Plate Solutions.—Booklet 48 pp. 
Gives simple and practical methods of 
analyzing many electroplating solutions, 
which may be followed by those without 
extensive chemical training. Contains 
reference tables and electrochemical data 
pertaining to the important metals. Meth- 
ods of determining thickness of deposits at 
various times are described. Hanson-Van 
Winkle-Munning Co., Matawan, N. J. 


Lubrication Manual.—Catalog 172 pp. This 
comprehensive publication is described as 
practically an engineering manual on the 
subject of lubrication for design engineers, 
and covers a complete line of devices for the 
application of fluid lubricants. Special 
sections are devoted to wick feed oiling, 
constant level oiling and multiple oiling; 
complete presentations are included on oil 
seals, oil cups, oil hole covers, gauges and 
sight gravity oilers. The catalog contains 
over a thousand illustrations. Requests for 
the publication should be addressed on 
business stationery to Gits Bros. Mfg. Co., 
1846 S. Kilbourn Ave., Chicago, IIl. 


AVAILABLE: ELECTRICAL ENGI- 
NEER (.E.) and PHYSICIST, capable 
and intelligent, 16 years experience, 
many patents; now employed, develop- 


ment, design, research; wants responsi- 


ble position. References. Address Box 
223, ELECTRICAL ENGINEERING, 
3 West 39th St., New York City. 


SUVUAOPUUDUROOUOURCEEUERUOCE COE OOCOSEOOESORSH OCR EEDORECEPOODERUAOUEROOROEDEURURCEEED EEE ES 


SOUPPOOPOEOUDOOOODODOOEOOAOEDODE OREO DOO TOA DORON EST 


ELECTRICAL 


SUDCOPDADDEOOUUOCORCD OOD OUE REO SSCU GOTT EER ODOR 


SU 
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ENGINEERS ....._. 


CHEMICAL ¢ MECHANICAL 


Permanent positions, non-defense, Southern industries. 
Submit fulland complete information first letter. Reply to: 


BOX 29, DOREMUS & CO. + Advertising « 120 BROADWAY, NEW YORK 


HUCUUUCODUODUESUCUODRUEEOOUGOTOROLOCUOUUDDOCEROCOUUTEEEOEUCUUOCOEEUTOOUUEDEDENGUAOEEUDOOUUOODESUENUUGUOECOEOAOAUEOCOOUODEULOSOUAODOCOGAOODOEEOOUOOEDOUOOOOONOOENOUODOOSROROORDOODELECHOOE 


® STEAM 


STUAVUTUUOCOUONDOD EONS OSOOEDOCOTEEDOEOS OOOO EEEO TOES EPPS PSOE PETER 


CLASSIFIED 


ADVERTISEMENTS 


RATES: Sixty cents per line; mini- 
mum charge based on use of five lines; 
maximum space not to exceed thirty- 
five lines. Copy is due the 15th of the 
month preceding publication date. 


ENGINEERS 


Nationally known New Jersey manu- 
facturer needs Mechanical and Electrical 
Engineers. 


Diversified products offer inviting oppor- 
tunities in engineering field. 


MECHANICAL ENGINEERS te- 
quired for development of processes and 
machinery for manufacturing and reduc- 
ing costs of precision apparatus and to 
plan production methods for assembly 
and wiring. Also, development, layout, 
cost reduction work on material hand- 
ling, storage and packing problems. 


ELECTRICAL ENGINEERS 
needed for high grade work on test set 
design, special circuits, electronics and 
vacuum tube manufacture. 


Must be Engineering graduates of ac- 
credited colleges, high schola tic stand- 
ing. Some manufacturing experience 
preferred. Salary commensurate with 
ability and record of accomplishments. 


Must be U. S. Citizens. 


Write, stating qualifications. Box 551, 
Suite 1800, Times Bldg., New York City. 


WANTED: ELECTRICAL ENGI- 
NEER, thoroughly experienced in de- 
sign and manufacture of all types and 
sizes Power transformers, including thor- 
ough knowledge of tap changers, tem- 
perature indicating equipment and other 
modern features. Permanent responsible 
position for right party. Address Box 
224, ELECTRICAL ENGINEERING, 
33 West 39th St., New York City. 


WANTED: MECHANICAL ENGI- 
NEER, not over 32 years of age for per- 
manent position; must be competent 
draughtsman; wanted for opportunity 
to progress in growing company. Should 
be graduate engineer having 5 to 7 years’ 
experience in industry, preferably mill 
work. Experience sheets include work 
along lines of plant operation and main- 
tenance. Salary $200.00 to $225.00 de- 
pending on experience and ability. Loca- 
tion Southern California. Applicants 
should submit photo and complete his- 
tory of education and experience. Ad- 
dress Box 225, ELECTRICAL ENGI- 
Risto es 33 West 39th St., New York 
ity. 


rr 


WANTED: ENGINEER, manufac- 
turing experience on precision electrical 
apparatus; good mechanical and elec- 
trical background, probably previously 
employed on ound amplification and 
Picture transmission; permanent position 
with well-established manufacturing 
company. Replies to Box 226, ELEC- 
TRICAL ENGINEERING, 33 West 39th 
St., New York City. 
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FHere’s one way to end your 


A 


at od 


electrical sheet worries 


VER 37 years ago the first sili- 

con steel sheets for electrical use 
were produced in our Vandergrift 
plant. Since then we have accumu- 
lated a wealth of experience in the 
manufacture and use of electrical 
sheets, which we offer to the manu- 
facturers of electrical equipment. 


Today, Carnegie-Illinois makes 
available the services of a trained 
staff of electrical sheet specialists. 
These men know which sheet grade 
will give the best performance, the 
right electrical properties — how to 
specify the proper grade and the most 
economical size to use. 


“Why not ask 


Carnegie-Illinois?” 


Why not call in the man from 
Carnegie-Illinois when you have 
problems involving the use of electri- 
cal sheets? It won’t cost you a cent. 
Many manufacturers have found it 
worth while in lowering production 
costs and increasing efhciency of 
equipment. 


ELECTRICAL STEEL SHEETS 


for motors, generators and transformers 


CARNEGIE-ILLINOIS 


Columbia Steel Company, San Francisco, Pacific Coast Distributors 
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Ssieceean: 


CORPORATION 


Pittsburgh and Chicago 


United States Steel Export Company, New York 
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Scully Steel Products Company, Chicago, Warehouse Distributors 
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Since time immemorial, the 
wedge has been the orthodox 
method of tightening and per- 
manently joining two bodies 


together. 


“Gorilla Grip” Mechanical 
Connectors use two types of 
this wedging principle to in- 
sure a mechanically as well as 
electrically perfect connection. 


No special tools are required 
for any “Gorilla Grip” instal- 
lation. The Connectors will 
not loosen after the connection 
is made and they may always 
be reclaimed for use again. 


There is a “Gorilla Grip” 
Connector for every connection 
wherever it taps or terminates. 
Investigate, write for literature. 


National Electric 


PRIUOCOCTS CORPORATION 
800 Fulton Building, Pittsburgh, Pa. 
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New P,oducts 


Rectifier Voltage Regulator.—The Benwood 
Linze Co., St. Louis, Mo., has developed a 
competitively priced voltage regulator, to 
be used in conjunction with its line of 
standard metallic rectifier electroplating 
units. The B-L voltage regulator, manu- 
ally operated, is especially designed to pro- 
vide a convenient and simple means for 
adjusting the voltage output of each indi- 
vidual or bank of rectifiers. The unit is 
available in a wall mounting cabinet so it 
may be installed adjacent to the plating 
tank within convenient reach of the operator 
and away from the rectifier units. The 
voltage regulator has 64 steps of adjust- 
ment, giving a voltage range from maximum 
down to one volt. The coarse control covers 
the full range in eight steps while the fine 
control provides eight steps for each step of 
the coarse control. In addition, the regu- 
lator provides a start-stop station permitting 


remote control for starting and stopping the 
rectifier, thereby giving the operator com- 
plete control of each tank. One voltmeter 
and one ammeter record current and voltage 
of each individual rectifier. By this 
method of control, all the convenience of an 
individual tank rheostat is obtained, but 
the rheostat losses of bus bar control are 
eliminated. The elimination of no-load 
losses is possible because the operator can 
shut down the rectifier whenever a tank is 
not in use. 


Decimal Equivalent Wall Chart.—A new 
large decimal equivalent chart, 26 by 39 
inches, printed in 
black and red, 
brings all the 
equivalents from 
1/64 to 63/4, inches 
within easy read- 
ing of the eye 
even at a dis- 
tance of 50 feet. 
Copies will be 
mailed to  in- 
terested readers 
upon request to 
The Frederick 
Post Co., 3650 
N. Avondale Ave., Chicago, II. 


| 


A 
em 


Ohm’s Law Calculator—A unique, new, 
convenient Ohm’s Law Calculator intro- 
duced by the Ohmite Manufacturing Com- 
pany, gives the answer to any Ohm’s Law 
problem quickly, with one setting of the 
slide. All values are direct reading. It 


pec tant ree ia 


Ll ouresressateesees 


tried 
=a Port errr tr rir titty 


does not require any knowledge of a slide 
rule to operate. The Calculator has scales 
on both sides so as to cover the range of cur- 
rents, resistances, wattages and voltages 
commonly used in the industrial, electronic, 
and radio fields. It covers the current and 
wattage range for motors, generators, 
lamps, other electrical apparatus and mis- 
cellaneous applications up to 100 amperes or 
1,000 watts; also the low current high re- 
sistance radio, sound and electronic applica- 
tions. The Calculator has a convenient 
Stock Unit Selector, listing hundreds of 
stock values, immediately available in 
Dividohms, fixed resistors (including Ohm- 
ite Brown Devils) and rheostats. A setting 
of the slide shows the stock number of the 
resistor or rheostat needed. Simple in- 
structions appear on the Calculator. Mul- 
tiplication, division, the finding of squares 
and square roots can also be performed on 
the Calculator. The Ohmite Ohm’s Law 
Calculator is available to engineers, labora- 
tory men, production managers, mainte- 
nance men, purchasing agents, etc. Re- 
quest should be made on company letter- 
head, enclosing 10 cents to cover handling 
costs. Address the Ohmite Manufacturing 
Co., 4801 Flournoy St., Chicago, IIl. 


“Nutshell” Soldering Kit.—A new, small, 
self-contained soldering unit that contains 
the correct amount of 50-50 solder and flux, 
sealed within a waterproof heat-generating 
outer shell, known as “Jiggers’’, has been 
introduced by Jiggers, Inc., of Chicago. 
To obtain a strong, perfectly soldered elec- 
trical connection, it is only necessary to push 
the wire splice into a Jigger and touch a 
lighted match to it as illustrated. The 
Jigger shell ignites and produces the proper 
temperature to flow the solder into the 
splice. The burnt shell is then dropped off 
and a smooth, perfectly soldered splice re- 
sults. To demonstrate how practical, sim- 
ple and easy ‘‘Jiggers’’ make the soldering 
job, free samples are offered. Address Jig- 
gers, Inc., 215 W. Illinois St., Chicago, Il. 


(Continued on p. 18) 
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Type 650-A Impedance Bridge, direct-reading 
over these ranges:— ene ae T 


Resistance; I milliohm to 1 megohm 
Capacitance: I micromicrofarad to 100 
microfarads 

Inductance: I microhenry to 100 henrys 


The cam on the CRL potentiometer. The contact 
arm is not connected directly to the potenti- 
ometer shaft, but turns freely on it. At the outer 
end a spring is pressed against a follower which 
rides on the cam. The cam follower rocking 
up and down on the cam changes the angular 
position of the contact arm and the scale. 
Adjustment of the eight screws will take up all 
differences between individual potentiometers 


and the master potentiometer which itself is an 


average. 
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Ip. RESEARCH and production testing the con- 
venience of having instruments read directly in 
the quantities they measure has been appreciated for 
some time by the manufacturer and the user of elec- 
trical measuring instruments. So rapid have been 
the improvements in most direct-reading instruments 
that they now have considerably greater accuracy 
than similar units manufactured several years ago 
without the direct-reading feature. 

In general, direct-reading scales are used only 
with resistors and capacitors; the accuracies obtain- 
able are high, frequently as great as 0.1% of full- 
scale. In order to maintain high accuracy in a direct- 
reading instrument, constant fractional accuracy 
must be obtained and the rate of variation of the un- 
known should be logarithmic. In any linear scale the 
fractional accuracy decreases directly with the 
quantity varied. 

The circuit used with any direct-reading instrument 
has to be chosen so that the magnitude of the variable 
element is proportional to the unknown. 

One of the most interesting examples of a direct- 
reading instrument is the Type 650-A Impedance 
Bridge. This bridge measures five quantities over 
exceptionally wide ranges with the following maxi- 
mum errors: for resistance, 2%; for capacitance, 2%; 
for inductance, 10%; for dissipation factor (R/X), 20% 
and for storage factor (X/R) 20%. 

For the measurement of so many different quantities 
and for the very large ranges obtainable from this 
bridge, four circuits and a number of multipliers are se- 
lected by two multi-position switches. The balances are 
obtained by the use of two of the four variable resistors. 

The semi-logarithmic scales on the four dials.... 
the CRL, D, DO and Q dials... . are direct-reading. 
The potentiometers used with these dials are wound 
on tapered cards. The scales can be made direct- 
reading either by hand calibration of each point to 
fit the irregularities introduced by variations in wire 
size and spacing, or these irregularities can be con- 
trolled to fit a pre-engraved scale. 

Originally the CRL dial of this bridge was hand 
calibrated with every line set to its proper resistance 
value. Later, the calibrations on a production lot 
were averaged and a master constructed. From this 
master calibration, other dials were engraved on a 
pantograph engraving machine. These dials are 
now photo-etched. In the quantities in which these 
instruments are now manufactured, it has proven 
much more economical to provide the CRL potentio- 
meters with the photo-etched dial scale and to com- 
pensate for irregularities by means of a flexible cam, 
than to engrave each dial separately. 

Many other General Radio direct-reading instru- 
ments use resistors as the variable element. The 
dial scales are calibrated in a manner similar to those 
on the Type 650-A Bridge. 


New Pp roducts 


(Continued from p. 16 


Decade Inductance.—A new type decade 
inductance, developed by the New York 
Transformer Co., 480 Lexington Ave., New 
York City, is available in decades from .001 
henries per step to 10 henries. It has a Q of 


approximately 25 with a useful range of 50 
to 20,000 cycles per second. The accuracy 
is plus or minus 5 per cent, with an operating 
level up to 30db. These instruments may 
be had in either 2 or 3 decades in any of the 
inductance ranges desired. It is said to be 
in every respect a precision laboratory unit 
and a dependable aid in setting up experi- 
mental filters, equalizers, tuned amplifiers, 
phasing networks, etc. 


Welding Terminal Panel.—Developed 
especially for use in shipyards and similar 
installations in connection with the constant 
potential system of welding feeders, by the 
O.Z. Electrical Mfg. Co., Brooklyn, N. Y.,a 
new welding terminal panel provides oppor- 
tunities to install at any desired points, 
panels that intercept the main welding feed- 
ef o — ce ers throughout the yard, with facilities for 

— ~~ the welding leads. The panels (1) are a 
at f the Gvernme rt — . ~ solid bronze casting mounted on an ebony 

— — ~~ asbestos block (2) which in turn is mounted 

in No. 10 gauge bent-up construction iron 


‘The “quality Above All “ ‘incorporated in box (3), completely hot dipped galvanized 
~ after fabrication. The box top is slanted to 
| these units is evolved from o wealth of Nae ne ence eee ee eee 


box provide entry for welding leads which 
are to be attached to terminal studs (5) on 
the panel. These stud bolts are force-fitted 
through the back of the casting. The re- 
movable plates (6) or clamps provide means 


If Mica Cap acitors are part af you r for tapping the main feeder. Simple modi- 
: . : fication readily adapts the O.Z. Welding 
present problems, consult Solor for a reacy 


| euperience. 


Terminal Panel to existing conditions on any 
given job, according to the manufacturer, 
. who reports that an important installation 
Solution. has been made for defense work in one of the 
leading shipyards of the country and that 
other yards have shown active interest. 


Special Cataleg fOS: 
Auatlalkle ou Letterhead Request 


SOLAR MFG. CORP... 
 BAVONNE, 0. J. 
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ELDORADO MAGIC! 


DECEMBER 1941 


Next to the man himself, the pencil plays the biggest part 
in creating drawings from which clear blueprints come. If 
there is magic in this, call it “Eldorado” magic. 

The drawing forecasts the blueprint, as in some magic 
crystal ! 

Great drawing pencils come in |7 degrees of hardness 
of lead,—so does Typhonite “Eldorado.” But no other 
drawing pencil has Typhonite leads. Typhonite is created 
in a literal whirlwind from natural graphite. There is no 
stopping the whirlwind and there is no stopping Dixon 


Typhonite “Eldorado” as it whirls along far in the lead. 


TET PENCIL SALES DEPARTMENT 42-J12 . JOSEPH DIXON CRUCIBLE CO. - JERSEY CITY, N. J. 
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In designing, planning and installing indus- 
trial and commercial electrical equipment, 


it is frequently necessary to consult a score S S 

of books on a single job. con® \ oyster 
The Lincoln Electrical Reference is the glet cys 

first book that has attempted to incorporate WNiFiOs oot 

all the information required, from hook-up ew 

diagrams to illustrations of typical equip- conte 

ment, charts, tables and the complete code, prot 

inserted in the proper sections. pores 
Twelve hundred pages, 814 by 11, 1200 illus- pow? 

trations, 326 diagrams, 315 tables, half a million ynd¥ 

words with readable type and a comprehensive \nd 

index—all devoted to practical electrical engi- gett 

neering. gies 


Suggested by electrical leaders, written by 
E. S. Lincoln, Fellow A.I.E.E., and staff and 
checked by well-known electrical experts, the 
work of four years is an up-to-date practical 
reference that can be used in a minute and which 
no engineering, construction, contracting or 
maintenance executive can afford to be without. 


TO SEE IT IS TO BUY IT 


One letter on your official letterhead will bring the book to 
your desk for inspection. If you don’t feel that it is the 
most complete reference for industrial and commercial elec- 
trical installations you have ever seen; if you don’t think it 
will save at least $15 in time and cost on your next job, 
send it back express collect—no obligation. But see the book 
before you form an opinion. 


ELECTRICAL MODERNIZATION BUREAU 


ROOM 805E « 60 EAST 42nd STREET - NEW YORK, N. Y. 
Lincely 
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Acme also manufactures: Fiuo- 
rescent Lamp Ballasts; Lumi- 
nous Tube transformers; Radio 
and Television transformers; 
Mercury Vapor transformers; 
Air-Cooled distribution trans- 
formers; Signalling trans- 
formers and Transformer-type 
testing devices. 


One mistake pre- 
vented may save 
thousands of dol- 
lars. And that Is 
particularly true in 
designing trans- 
formers for your 
equipment, for 
good transformer 
design requires 
special experi- 
ence. 


Consult Acme and 
gain the multiplied 
experience of an 
organization, spe- 
cializing in the 
exclusive manufac- 
turing of trans- 
formers. 
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THE ACME ELECTRIC & MFG. CO. 
22 WATER STREET © CUBA, NEW YORK 


Acme Electric 


T A AN S F ORM CE A S 


STANDARD 
CAPACITOR 


Carefully shielded, primary 
standard of zero power factor, 
compressed-gas dielectric, for 
use at high voltage and power 
frequencies. 


Detailed description available on request 


LEO BEHR 


12 Harvey St. 
PHILADELPHIA 


DECEMBER 1941 


NEW DEVELOPMENTS 
IN AIEE STANDARDS 


Proposed Test Code for 
Single-Phase Motors 


A “Proposed Test Code for Single- 
Phase Motors,” No. 502 has just been 
made available for a trial period for 
purposes of suggestion and criticism. 
This code has been prepared under 
the auspices of a subcommittee of the 
AIEE Committee on Electrical Ma- 
chinery. The purpose of this code is 
to define acceptable methods of mak- 
ing tests to determine that the per- 
formance and other characteristics of 
single-phase machines comply with 
those guaranteed. 

The following tests are covered: 
Resistance measurements, electrical 
input measurements, speed measure- 
ments, locked-rotor tests, torque 
measurements, efficiency tests, tem- 
perature tests, insulation tests, noise 
and vibration tests. There is no 
charge for copies of this pamphlet. 


Standard for Wet Tests 


A new AIEE “Standard for Wet 
Tests,’ No. 29 is now available in 
pamphlet form. This standard was 


developed by a special subcommittee | 


under R. T. Henry, of ATEE Stand- 


ards Coordinating Committee No. 3. | 


The purpose of this standard is to 
establish a general standard method 
for use in making high-potential wet 
tests on insulators, bushings, switches 
and related apparatus. Only the re- 
quirements for spray and correction 
factors are covered. Requirements for 
mounting and method of voltage 
application for particular equipment 
are covered by particular apparatus 
standards. Cost 40 cents per pam- 
phlet, with the usual 50 per cent dis- 
count to members on single copies. 


Address: Order Dept. 


AMERICAN INSTITUTE OF 
ELECTRICAL ENGINEERS 


33 WEST 39TH STREET NEW YORK, N. Y. 
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FOR SAFETY 
AND 


PROTECTION 9: 
TO LIFE AND 10. 


EQUIPMENT 


| 
FOR MEASURING RESISTANCE TO EARTH OF ALL 


i ach ge te. 


& 


“MEGGER’ 


TRAOE MARK REGISTERED U.S. PAT, OFF. 


GROUND TESTER 


TYPES OF ELECTRICAL GROUND CONNECTIONS. 
iF 


Direct-reading in ohms—“‘like a voltmeter’’. 
No calculations. 

Only one set of connections. 

No adjustments or “‘balancing’’. 

Covers a wide range of resistance. 


Unaffected by stray current in the earth—either 
a.c. or d.c. or by polarization or electrolysis. 


Unaffected by the exact resistance of the refer- 
ence grounds. 


Has its own hand generator; requires no bat- 
teries or other external current supply. 


Self-contained, rugged and portable. 
Represents only a small fraction of the cost of 
adequate grounding protection. 


As simple, rugged and reliable for ground resistance measure- 
ment as are our “Megger” instruments for testing insulation. 


Write for illustrated Catalog 1645-EE describing 
the ‘‘Megger’”’ Ground Testing Instruments. 


wuas ance street Ciechrical and Acientific Instruments PHILADELPHIA, PA. 
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TONG TEST S*c AMMETERS 


Help Keep Production Moving 


Hundreds of plants, today, 
using TONG TEST Ammeters 
look upon them as one of their 
most important pieces of equip- 
ment. This is so because TONG 
TEST is the only clamp-type 
ammeter capable of measuring 
both A.C. and D.C. instantly, 
accurately, safely and without 
interrupting operations. 

Guard against breakdowns, 
burned-out motors and trans- 
formers caused by current over- 
loads, by measuring current 
with a TONG TEST. It is light 
in weight (23/, lbs.), precision 
built, measures 0-800 amperes 
and will pay for itself in the time 
it saves and the trouble it helps 
to avoid. 

Send for a copy of the TONG 
TEST bulletin which tells the 
complete story. 


COLUMBIA ELECTRIC MFG. CO. 


4525 Hamilton Ave. 


Today American Indus- 
try must have efficient 
and dependable operat- 
ing equipment. Over a 


| quarter of a century’s 


experience in the manu- | 


facture of Oil Immersed 
Motor Control equip- 


ment is your assurance 


of dependability in| — 


(Rowan products. 


R 
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Cleveland, Ohio 


ee 


OWAN CONTROL 


THE ROWAN CONTROLLER CO., BALTIMORE, MD. 


—@ 150 V 


TO 20 TONS. 


Varitran voltage 
adjusters 

Automatic line 
voltage regulators 
Audio transformers 
Audio equalizers 

and filters 

Rectifiers and 
battery chargers 
Plate transformers 
Phase changers— 
booster transformers 
Instrument 
transformers 


PE 
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Science Abstracts 


All electrical engineers actively engaged in the 
practice of their profession should subscribe to 
(c¢ ° ” 

Science Abstracts. 


Published monthly by the Institution of Electrical Engi- 
neers, London, in association with the Physical Society of 
London, and with the cooperation of the American Insti- 
tute of Electrical Engineers, the American Physical Society 
and the American Electrochemical Society, they constitute 
an invaluable reference library. 


Through “Science Abstracts’? engineers are enabled to 
keep in touch with engineering progress throughout the 
world, as one hundred and sixty publications, in various 
languages, are regularly searched and abstracted. “Science 
Abstracts” are published in two sections, as follows: 


“A”. —PH YSICS—deals with electricity, 
magnetism, light, heat, sound, 
astronomy, chemical physics. 


“B’”—ELECTRICAL ENGINEERING— 
deals with electrical plant, power 
transmission, traction, lighting, te- 
legraphy, telephony, wireless teleg- 
raphy, prime movers, engineering 
materials, electrochemistry. 


Through special arrangement, members of the A.I.E.E. may 
subscribe to ‘‘Science Abstracts’ at the reduced rate of $5.00 for 
each section, and $10.00 for both. Rates to mom-members are $9.00 
for each section and $15.00 for both. Subscriptions should start with 
the January issue. The first volume was issued in 1898. Back 
numbers are available, and further information regarding these can 
be obtained upon application to P. F. Rowell, Secy., I.E.E., Savoy 
Place, Victoria Embankment, London, W. C. 2, England. 


ZS American Institute of Electrical 


Engineers 
33 West 39th Street, New York 


SL CM mittee 
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ON THE WAY 


DEFENSE PLANT CORPORATION OWNS THEM. We’ve been 


‘ SIX MORE PLANTS 
IN FIVE STATES 
| designated to build them ... fast. 


Actually, when the names went on the dotted lines of 
the contract on August 19, we had already placed more than $16,000,000 
worth of orders for some of the equipment and materials it takes longest 
to make and get. 


FIVE OF THESE PLANTS will smelt aluminum. Their combined capacity 
is planned for more than 500,000,000 pounds a year, which 
is greater than the nation’s entire production of aluminum 
in 1940. Locations: Massena, N. Y., Spokane, Wash., Trout- 
dale, Ore., Los Angeles, and in the State of Arkansas. 


The sixth plant will refine alumina from bauxite. Its bil- 
lion-pounds-a-year capacity adds 58% to the nation’s alumina capac- 
ity. It will be located at Bauxite, Arkansas. 


HOW GOES CONSTRUCTION? At this writing, as fast as title is secured 
to the sites, contracts are being let for grading and foundations so 
as to be ready for the structural steel, which is coming as rapidly as 
it can be gotten. 


ALUMINUM, 
DEFENSE, 
AND YOU 


What is more important, the aluminum plants are 
scheduled to deliver ingot by the summer of 1942; the 
refining plant to deliver alumina in early summer, 1942. 


WE'VE ASSIGNED a large staff of men full time to headquarters en- 
gineering, purchasing, and accounting on this government building job. 


We're sending competent and experienced management men out on 
these jobs as superintendents and other staff executives 
on construction, and for subsequent operation of such 
of these plants as we are designated to operate. 


EVERY KNOWN IMPROVEMENT in design and construc- 
tion and equipment is being incorporated in these 
plants. We intend that every dollar that will be spent shall be the best 
dollar’s worth that experience can build. We do not make one cent of 
profit from this assigned job of construction. 


We think we know how to get the government value- 
received for its money, because we are completing the 
expenditure of more than $200,000,000 of our own 
money in an expansion program which started after the 
beginning of the present war. Some of this expenditure 
is in new alumina and aluminum plants which will bring 
our own Alcoa capacity up to more than 700,000,000 
pounds a year. The remainder is in tremendous expan- 
sion of facilities for fabricating every form of aluminum. 


DEFENSE, GENTLEMEN, is getting its aluminum. 


ALUMINUM COMPANY OF AMERICA 
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PROVED... 


by 100,000 installations 


Inverted type contacts, used on 
all R-S low-voltage air breakers, 
take advantage of the magnetic 
forces produced by heavy cur- 
rents. Thus, when current is 
heaviest, pressure between sta- 
tionary and moving contacts is 
greatest—as it should be. And, 
this pressure is obtained by the 
inherent breaker design ... not 
by use of heavy holding springs. 

Main, secondary and arcing 
contacts are all of the inverted 


type. This insures contacts re- 
maining closed until latch mecha- 
nism is tripped... and of con- 
tacts opening in proper sequence. 
Burning of main contacts is there- 
by minimized. Arcing contacts 
are tungsten alloy .. . highly re- 
sistant to the effect of frequent 
arcs. 

Specify R-S breakers with con- 
fidence. They have been proved 
in service for 40 years, by more 
than 100,000 installations. 


SEND FOR CATALOG 5 


BETHLEHEM, 
PENNA 


NOW more than ever 


protect men and 


equipment ! 


use the 


and KNOW that circuits 
are alive or dead 


Write for Descriptive Circular 


MINERALLAC ELEctrRIic CoMPANY 


25 N. Peoria St 
CHICAGO, ILL. 
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50 Church Street 
NEW YORK CITY 
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RECOMMENDED PRACTISE FOR 


ELECTRICAL INSTALLATIONS 
ON SHIPBOARD 


(MARINE RULES) 
Section No. 45, AIEE Standards 


(With Addenda as of March 1941) 


HE latest edition of ‘‘Recommended 
Practise for Electrical Installations on 
Shipboard’’ (Marine Rules) is published 
as Section 45 of the AIEE Standards. The 
crceee contains 100 pages; price is 


1.50 (50% discount to members of the 
IE 


These rules have been drawn up to serve 
as a guide for the equipment of merchant 
ships with electrical apparatus for lighting, 
signaling, communication, power and 
propulsion for both alternating and direct 
current systems. They indicate what is 
considered good engineering practise with 
reference to safety of the personnel and of 
the ship itself, as well as reliability and 
durability of the electrical apparatus. 


American Institute of 
Electrical Engineers 
33 West 39th Street, New York 
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FROM AC to DC WITH B-L recTIFIERS 


To know what to do is wisdom and to know how to do it is skill. To com- 
bine wisdom and skill and do the job right is service. * B-L engineers are 


backed by 25 years of designing and building dry plate metallic rectifiers 

for industrial applications of an almost endless variety, together with 

years of experience in manufacturing portable battery 

chargers for Railroad and Automobile battery servicing. (eilon Made 

They know their job and will welcome the opportunity TIFIERS 

to solve your rectifier problems. * May we serve you? BEE 

the BENWOOD LINZE CO. 
ENGINEERS - MANUFACTURERS : 

1801 LOCUST STREET ST. LOUIS, MO, 


NEED 
ENGINEERING TOO 


Insulators are as much a part of electrical 
engineering as the size and number of 
turns of wire, size of core and type of 


steel. Universal Porcelain engineers are 
available to assist you in the proper 
design of your installation requirements. 
This specialized experience can help you. 


THE UNIVERSAL CLAY PRODUCTS Co. 


1550 EAST FIRST ST. SANDUSKY, OHIO 
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FLAT BAR CONNECTORS 


Bull. 


1 TYPE RT—T-Connector for copper tube to flat bar 


2 TYPE FE—End Connector for copper tube.to flat bar 
3 TYPE FD—Stud Connector for flat bar to stud 
4 TYPE FDA—Stud Connector for flat bar to stud 
5 TYPE QAF—T-Connector for flat bar to cable 
6 TYPE FTA—T-Connector for flat bar to cable 
7 TYPE HF—H-Clamp for flat bar to flat bor 
8 TYPE FDR—Stud Connector for flot bar to stud 


For complete listing, write for Catalog No. 40 


BURNDY 


ENGINEERING CO., INC. 


45890 BE. 133 ST. - N.Y. C. 


VARNISHED CAMBRICe RUBBER COVERED POWER CABLES e BUILDING WIRE 


CRESCENT 
SYNTHOL TYPE SN 


)pH---_—_———————————— 


Made in sizes 14 AWG to 4/0 AWG 


SYNTHOL INSULATED WIRE is inherently moisture resistant, flame retarding, 
oil proof, sun proof, easy to fish, clean stripping, SAFE and PERMANENT. 

SYNTHOL TYPE SN WIRES have the smallest outside diameters allowed by the 
National Electric Code, thus permitting more copper or more conductors with the same 


size conduit. 
CRESCENT INSULATED WIRE & CABLE CO. 


@ CRESCENT 
~.. WIRE and CABLE | 


| Factory: TRENTON, N. J.— Stocks in Principal Citie | 


SERVICE ENTRANCE CABLE e MAGNET WIRE e 


Ma ldVvO GAAYOWAV eSCuAOOATEIXATA*ATAV) TVWNOIS 


® 
CRESCENT ENDURITE SUPER-AGING INSULATION ¢ WEATHER-PROOF WIR 
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BLACK & VEATCH 
Consulting Engineers 


Water, Steam and Electric Power Investiga- 
tions, Design, Supervision of Construction, 
Valuation and Tests 


4706 Broadway KANSAS CITY, MO. 


FRANK F. FOWLE & CO. 


Electrical and Mechanical 
Engineers 


35 East Wacker Drive CHICAGO 


JACKSON & MORELAND 


Engineers 


Public Utilities—Industrials 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORK 


Z. H. POLACHEK 


Reg. Patent Attorney 
Professional Engineer 


PATENT—TRADE MARK SPECIALIST 
Individual or Yearly Basis 


1234 Broadway Phone 
(At 31 St.) NEW YORK Longacre 5-3088 


SANDERSON & PORTER 


ENGINEERS 


FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 


of 
INDUSTRIALS and PUBLIC UTILITIES 


Chicago New York San Francisco 


SARGENT & LUNDY 
ENGINEERS 


140 South Dearborn Street 
CHICAGO, ILLINOIS 


A. Y. TAYLOR & COMPANY 


Municipal and Industrial 
Consulting Engineers 


Reports, Appraisals, Design 
Supervision of Construction 
2 So, Central Ave. Clayton, Mo. 


Professional services over a 
wide range are offered by 
these cardholders. 

Consult the directory when in 
need of specialized engineer- 
ing advice. 


HOWARD S. WARREN 
Consulting Electrical 
Engineer 


420 Lexington Ave. NEW YORK 


THE J. G. WHITE 
Engineering Corporation 
Engineers—Constructors 


Oil Refineries and Pipe Lines, 

Steam and Water Power Plants, 
Transmission Systems, Hotels, Apartments, 
Offices and Industrial Buildings, Railroads 


80 BROAD STREET NEW YORK 


J. W. WOPAT 


Consulting Engineer 
TELEPHONE ENGINEERING 
Construction Supervision 


Appraisals—Financial 
Rate Investigations 


1510 Lincoln Bank Tower, Ft. Wayne, Ind. 


J. G. WRAY & CO. 


Engineers 
Utilities and Industrial Properties 


Appraisals Construction 
Plans Organizations 
Financial Investigations 


Rate Surveys 
Estimates 
Management 


105 West Adams St., Chicago 


Many readers of ELECTRICAL ENGINEERING (this edition 25,000 copies) 
and their organizations frequently require the services of a consulting 
engineer. Through this directory, the professional consultant can keep 
his name constantly before these readers, at small cost. Rates on request. 
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Engineering Societies Personnel Service, Inc. 


Employm 


MAINTAINED for their members by the national so- 
cieties of civil, mining, mechanical, and electrical 
engineers, in co-operation with other organizations. An 
inquiry to any of the four offices will bring full information. 


A weekly bulletin of engineering positions open is 
available to members of the co-operating societies at 4 
subscription of $3 per quarter or $10 per annum, payable 
in advance. 

In the interest of effective service, it is essential that 
members using the employment service keep the bureau 
office serving them advised at reasonable intervals con- 
cerning their availability for employment, concerning any 
change in status, and immediately upon acceptance of any 
employment. 

Employers interested in the following announcements 
should address replies to the key numbers indicated, and 
mail to the New York office. 


Men Available 


GRAD E.E., License; 29, family; 7 yrs experi- 
ence in des, devpmt, testg, of motor generator sets, 
transfs, and accessories. Employed. Desires pos 
in elec des, devpmt, testg. E-925. 


ELEC ENG; 42; wide exper constr, des, oprn, 
valuation, industrial plants, util, public works, now 
employed supervision elec work Federal project 
major magnitude, desires return private industry. 
Highest references, qualifications. E-926. 


ELEC AND MECH ENGR, product devpmt 
type. 10 yrs Chief Engr elec mfg companies. 
Numerous patents. Broad exper des, devpmt, 
tooling and control of manufacture of elec and metal 
products. E-927. 


TRANSM ENGR, university grad; 48, single; 
16 yrs in transm des, elec and structural; 6 yrs 
valuation. Location, anywherein U.S. E-928. 


B.S.E.E., 1934; married; exper signal and sub- 
station instal. Chief Engr for high voltage pole 
line hardware mfr handle tests, specifications, des, 
maintenance. Desires permanent pos in mainte- 
nance or des. E-929. 


LICENSED PROF ENGR, New York; 49, 
single; extensive and responsible exper in inventory, 
valuation, rate work on elec util; also des, draftg, 
of substations, pwr plants and light and pwr, all 
types of structures. South or West preferred. 
E-930. 


ELECTRICIAN; 37, married. 21 yrs in steam- 
hydro plant oprn, maintenance. Exper in all types 
of eqpt used in generation, transm and distr. Em- 
ployed. Available within 2 wks. E-931. 


AIEE member; 45, married; 21 yrs with present 
pub util and its predecessors in supervisory and exec 
capacity, desires permanent pos with util or indus 
organization as oprn and/or maintenance engr. 
Now employed. E-932. 


EXPER PATENT ATTORNEY seeks full or 
part time pos in South, Washington, D.C. or Ohio. 
Familiar with motors, instruments and transf; also 
accounting. HKN, Tau Beta Pi, Sigma Xi. E-933. 


VALUATION ENGINEER; 7 yrs with pub util 
and 7 yrs with consulting firms, desires pos. E-934. 


_ GRAD ELEC ENGR; 38; desires new connec- 
tion as pwr engr. Extensive exper with elec 
machy and steam turbine instal with mfr, elec RR 
and insurance co. Location desired, Northeastern 
U.S. E-935. 

_ELEC DISTR ENGR; 40; exper includes super- 
vision of des, constr, oprn, and appraisals; seeks 
responsible pos with util, industrial or consulting 


firm, with commensurate salary or prospects. 
E-936. 


ELEC ENGR, elec and mech, for managerial or 
staff duties, exper in steel mill engg, oprn, mainte- 
flance, process or patent devpmt, employee relations, 
etc. E-937. 


REGISTERED PROF E E; 39, married; 10 
yts exper maintenance engr of mech and elec eqpt 
in mfg plants and office bldgs. Desires pos as eqpt 
engr., supervision of sales. Metropolitan area pre- 
ferred. E-938. 


B.S.E.E., Lehigh Univ; 29, married; desires pos 
valuation or elec pwr sales and distr; 5 yrs engg 
exper; now employed. Desires pos with future. 
Location immaterial. E-939. 


ENGINEERING SOCIETIES 
PERSONNEL SERVICE, INC. 


NEW YORK SAN FRANCISCO CHICAGO 
31 W. 39th St. 57 Post St. 211 W. Wacker Dr. 
DETROIT 


100 Farnsworth Ave. 
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WESTINGHOUSE DEVELO 


PMENTS SPEED AVIATION PROGRESS 


Westinghouse Brings Safety to Seadromes with 


LIGHT CONTROLLED BY RADIO 


When ocean travel by air brought Rio 
closer to Miami, it also brought an 
entirely new problem to aviation— 
the problem of safe night landing on 
water for giant clipper planes. 

But now a flashing red light, battery- 
powered and supported by a buoyant 
rubber float that willnot damagea plane 
striking it, will warn surface craft away 
from the seaplane landing area. Lines 
of green, gold, orred fluorescent lights, 
visible from three to five miles, will 
mark the water landing lanes for pilots. 

Portable units, designed for trans- 
portation by air to remote bases, are 
controlled by land radio. Boundary 
and contact lights can be operated 
separately. A single lane of contact 
lights or various lights within a lane 


can be controlled by the shore radio 
to meet the landing plane’s require- 
ments. Transoceanic flying will be 
revolutionized by this new light, 
developed by Westinghouse in col- 
laboration with Firestone, that brings 
greater safety to seadromes. 

Aviation, like other industries, is 
finding that electricity is the answer 
to many of today’s rush production 
problems. A phone call to our local 
office will bring one of our repre- 
sentatives to help you with yours. 

Westinghouse Electric & Mfg. Co., 
East Pittsburgh, Pennsylvania. 


Westinghouse 


Time-Saver For American Industry 


ELECTRICAL POWER 
SPEEDS PRODUCTION 


No American manufacturer can 
afford to overlook the modern 
methods and equipment offered 
by the electrical industry for 
speeding up production. A phone 
call will bring a Westinghouse 
representative to your office to 
discuss your problems. 

Future advertisements on this 
page will describe how Westing- 
house is helping in the aviation 

. mining... Steel. . . metal- 
working ...and other industries. 
Watch for these stories. 
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AMMETER COMPENSATING COILS 
Minerallac Electric Co., Chicago 


AMMETERS, VOLTMETERS 
(See INSTRUMENTS, ELECTRICAL) 


BRUSHES, COMMUTATOR 
National Carbon Co., Inc., Cleveland, O. 


BUS BAR SUPPORTS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


CABLE ACCESSORIES 
General Electric Co., Schenectady, N. Y. 
Minerallac Electric Co., Chicago 


CAPACITORS 
Aerovox esd a New Bedford, Mass. 
1 


Behr, Leo, Philadelphia, Pa. 

General Electric Co., Schenectady, N. Y. 
Solar Mfg. Corp., Bayonne, N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 


CIRCUIT BREAKERS 
Air Enclosed 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


Oil 
Allis-Chalmers Mfg. Co. Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


CONDENSERS, ELECTROSTATIC 
Aerovox Corp., New Bedford, Mass, 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Solar Mfg. Corp., Bayonne, N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 


CONDUIT PRODUCTS 
General Electric Co., Bridgeport, Conn. 
National Elec. Products Corp., Pittsburgh 


CONNECTORS, SOLDERLESS 
Burndy Engg. Co., Inc., New York 
Genera! Electric Co., Schenectady, N. Y. 
Krueger & Hudepohl, Cincinnati, Ohio 
National Elec. Products Corp., Pittsburgh 


CONTROLLERS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Rowan Controller Co., Baltimore, Md. 
Westinghouse E. & M. Co., E. Pittsburgh 


CONVERTERS, SYNCHRONOUS 


Allis-Chalmers Mfg. Co., Milwaukee, Wis. 


General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


CORPRENE GASKETS & PACKINGS 
Armstrong Cork Co., Lancaster, Pa. 


DRAFTING PENCILS 


Dixon Crucible Co., J., Jersey City, N. J. 


BLECTRONIC TUBES 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


FURNACES, ELECTRIC 
American Bridge Co., Pittsburgh 
General Electric Co., Schenectady, N. Y. 


GASKETS, “CORPRENE” 
Armstrong Cork Co., Lancaster, Pa. 


GENERATORS AND MOTORS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


GROUND RODS 
Copperweld Steel Co., Glassport, Pa. 


HEATING UNITS 
General Electric Co., Schenectady, N. Y. 


INSTRUMENTS, ELECTRICAL 
Graphic 

Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N. J. 


INSTRUMENTS, ELECTRICAL (Con’t) 
Indicating 

Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Shallcross Mfg. Co., Collingdale, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


Weston Elec. Instrument Corp., Newark, N. J. 


Integrating 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Shallcross Mfg. Co., Collingdale, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N.J. 


Scientific Laboratory, Testing 
Acme Elec. & Mfg. Co., Cuba, N. Y. 
Du Mont Labs., Inc., Allen B., Passaic, N. J. 
Ferranti Electric Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Shallcross Mfg. Co., Collingdale, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark,N. J. 


INSULATING MATERIALS 


Cloth 
General Electric Co., Bridgeport, Conn. 


Irvington Varnish & Ins, Co., Irvington, N. J.” 


Minerallac Electric Co., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 


Compounds 
General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 
Roebling’s Sons Co., John A., Trenton, N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 


i Lava 
American Lava Corp., Chattanooga, Tenn. 


Moulded 
General Electric Co., Bridgeport, Conn. 
Westinghouse E. & M. Co., E. Pittsburgh 


A Paper 
General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington,N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 


Tape, Friction 
Minerallac Electric Co., Chicago 
Okonite Company, The, Passaic, N. J. 
Roebling’s Son Co., John A., Trenton, N. J. 


Varnishes 
General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington, N. J. 
Minerallac Electric Co., Chicago 


INSULATORS, GLASS 
Corning Glass Works, Corning, N. Y. 


INSULATORS, PORCELAIN 
General Electric Co., Schenectady, N. Y. 
Lapp Insulator Co., LeRoy, N. Y. 
National Elec. Products Corp., Pittsburgh 
Ohio Brass Co., Mansfield, O. 
Universal Clay Products Co., Inc., San- 

dusky, O. 

Westinghouse E. & M. Co., E. Pittsburgh 


INSULATOR TESTING EQUIPMENT 
Ferranti Electric, Inc., New York 
Genera) Radio Co., Cambridge, Mass. 
Roller-Smith Co., Bethlehem, Pa. 


LIGHTING EQUIPMENT, OUTDOOR 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


LIGHTNING ARRESTERS 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


LOAD RECORDERS—CONTROLLERS 
Leeds & Northrup Co., Philadelphia 


METERS, ELECTRICAL 
(See INSTRUMENTS, ELECTRICAL) 


MOTORS 
(See GENERATORS AND MOTORS) 


OSCILLOGRAPHS, CATHODE RAY 
Du Mont Labs. Inc., Allen B., Passaic, N. J. 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Westinghouse E. & M. Co., E. Pittsburgh 


PENCILS, DRAWING 
Dixon Crucible Co., J., Jersey City, N. J. 


POLE LINE HARDWARE 
Ohio Brass Co., Mansfield, O. 


PORCELAIN, ELECTRIC 
Universal Clay Products Co., Inc., San- 


dusky,O. 


RECTIFIERS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 


Benwood Linze Co. The, St. Louis, Mo. 
General Electric Co., Schenectady, N. Y. 
Int’nt’l Tel. & Radio Mfg. Corp., New York 
Westinghouse E. & M. Co., E. Pittsburgh 


REGULATORS, VOLTAGE ; 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Roller-Smith Co., Bethlehem, Pa. 

Sola Electric Co. Chicago, Il 
Westinghouse E. & M. Co., E. Pittsburgh 


RELAYS 
General Electric Co., Schenectady, N.Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Weston Elec. Instrument Corp., Newark, N.J. 
Westinghouse E. & M. Co., E. Pittsburgh 


RESISTORS : 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., Chicago 
Shallcross Mfg. Co., Collingdale, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


RHEOSTATS, LABORATORY 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. — 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., evi } 
Westinghouse E. & M. Co., E. Pittsburgh 


STEEL, ELECTRICAL 
Carnegie-Illinois Steel Corp., Pittsburgh 


SWITCHBOARDS J 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


SWITCHES, AUTOMATIC TIME 
General Electric Co., Schenectady, N. Y. 
Minerallac Electric Co., Chicago 


SWITCHES, DISCONNECT 
General Electric Co., Schenectady, N. Y. 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


SWITCHES, GENERATOR FIELD 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 


TOWERS, TRANSMISSION 
American Bridge Co., Pittsburgh 


TRANSFORMERS 
Acme Elec. & Mfg. Co., Cuba, N. Y. 
Allis-Chalmers Mis. Co., Milwaukee, Wis. 
Chicago Transformer Corp., Chicago, Ill. 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Kuhlman Electric Co., Bay City, Mich. 
Roller-Smith Co., Bethlehem, Pa. 
Sola Electric Co., Chicago 
United Transformer Corp., New York 
Westinghouse E. & M. Co., E. Pittsburgh 


TURBINES and TURBINE GENERATORS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


VARNISHES, INSULATING 
General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvingtoa,N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 


WELDERS, ARC 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


WELDING WIRE 
American Steel & Wire Co., Cleveland, O. 
General Electric Co., Schenectady, N. Y. 
Roebling’s Sons Co., John A., Trenton, N. J. 


WIRES AND CABLES 
Aluminum Co. of America, Pittsburgh 
American Steel & Wire Co., Cleveland, O. 
Belden Mfg. Co., Chicago 
Copperweld Steel Co., Glassport, Pa. 
Crescent Ins. Wire & Cable Co., Trenton, N. J. 
General Cable Corp., New York 
General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
National Elec. Products Corp., Pittsburgh 
Okonite Company, The, Passaic, N. J. 
Okonite-Callender Cable Co., Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 
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EVERY EXTRA LEAF IN THE TABLE 


AND FAR 
TOO MANY GUESTS 


FOR CHRISTMAS DINNER! 


That’s the situation your telephone 
company faces every Christmas. 
That’s why there may be delays on 


some Long Distance Christmas calls. 


¢ Last Christmas Eve and Day the wires were 
jammed. The switchboards were manned by 
regular and extra operators working all 
through the holiday. Long Distance telephone 
calls were three, five and at some places eight 


times normal. 


DECEMBER 1941 


We’re glad so many folks want to exchange 
friendly greetings across the miles at Christ- 
mas — but sorry that, because of it, we can’t 
supply service as good as usual. 

We expect the biggest rush of calls we’ve 
ever had this coming Christmas. We'll do our 
best to prepare for it. But some calls will 
be slow. Some may not be completed. For 
these, we ask your patience 
and understanding. .. . Thank 
you, and Merry Christmas! 
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KUHLMAN SAF-T-KUHL 
TRANSFORMERS GO TO 
NORK FOR UNCLE SAM 


1 past months hundreds of Kuhlman SAF-T- 
UHL transformers have been specified for new 
efense plants all over the United States. The 
1any advantages of this type of Kuhlman 
ransformer are well known to engineers. 


ecause they are filled with a non-explosive, 
on-inflammable, inert cooling fluid they are 
00% safe. 


uhlman SAF-T-KUHL Transformers may be in- 
tallied at the load center—even on beams up 
ear the ceiling—thus saving floor space, (2) 
liminating expensive vaults, (3) improving 
oltage regulation and (4) avoiding much of 
ie expense of secondary copper. Write today 
r further facts about Kuhlman SAF-T-KUHL 


ransformers. 


HLMAN ELECTRIC COMPANY 


© BAY CITY, MICHIGA 


FACTS YOU CAN USE TO SELL 
MORE AND BETTER WIRING JOBS 


FIRST... Measure All Three! 


CODE WIRE 
TYPE R 


Meets all ‘‘code’’ require- 


ments but is limited to 


50°C. operation. 


Conductor Size 


WITH ALL ITS ADVANTAGES ... HAZARD PERFORMITE 


Carrying Capacity in 
Amperes 3 Cond. 30 Ambient 


PERFORMANCE 
TYPE RP 


This better grade insula- 
tion permits operation at 
60° C. Carries heavier cur- 
rent loadings or allows use 


of smaller size conductors. 


HAZARD 
Performite 
Type RH 


* Naturally if the full carrying capacity of the conductors is not available because of excessive 
voltage drop, the comparison will have to be modified proportionately. 


Type Type 
R RP 


HAZARD PERFORMITE 
TYPE RH 


A superior insulation in every 
respect. Operating temperature 
75° C, Permits still greater cur- 
rent loadings or even smaller 
conductors. Performite is super- 
aging...resistant to heat and 
moisture... lasts indefinitely... 
meets Federal Specs. J-C-106-a 
and J-C-121. 


SECOND... Compare Typical Wiring Costs of All Three! 


Relative Cost* 


per 100 Amp. — ft. \ 
(IAEI Bulletin, Jan. 1941) 


HAZARD 
Performite 


$.867 | .770 
.870 


COSTS LESS PER AMPERE CARRIED For full information on HAZARD Performite, 


Type RH or Type RHT (small diameter for 


There are the facts! Relative costs figured 


from actual installations show that even the first 


new 


cost of HAZARD Performite is actually less than 


Type R wire in a great many cases. This is true 


because this superior insulation permits greater 
load carrying or makes it possible to use smaller 
conductors for the same load. Both ways bring 


important copper savings and add materially to 


the life of the circuit. 


wiring and rewiring), WRITE TODAY. 


HAZARD INSULATED WIRE WORKS 


DIVISION OF THE OKONITE COMPANY 
Works: Wilkes-Barre, Pennsylvania 
Offices in Principal Cities 


PERFORMITE TYPE RH 


